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Themiodynamics h the science of energy transfer and its effect on the physical 
properties of substances. It is based upon observations of common experience 
wliich liave been formulated into thermodynamic laws. These laws govern the 
principles of energy conversion. The applications of the thermodynamic laws and 
principles are found in all fields of energy technology, notably in steam and 
nuclear power plants, intemal combustion engines, gas turbines, air conditioning, 
refrigeration, gas dynamics, jet propulsion, compressors, chemical process plants, 
and direct energy conversion devices, 

LI Macroscopic Vs Microscopic Viewpoint 

There are two points of view from which the behaviour of matter can be studied: 
the macroscopic and the microscopic. In the macroscopic approach, a certain 
quantity of matter is considered, without the events occurring at the molecular 
level being taken into account. From the microscopic point of view, matter is 
composed of myriads of molecules. If it is a gas, each molecule at a given instant 
has a certain position, velocity, and energy, and for each molecule these change 

very frequently as a result of collisions. The behaviour of the gas is described by 
summing up tlic behaviour of each molecule. Such a study is made mmicro.Ycopic 

or stafistico! therrnodynamics. Macroscopic thermodynamics is only concerned 

with the effects of the action of many molecules, and these effects can be 
perceived by human senses. For example, the macroscopic quantity, pressure, is 
the average rate of change of momentum due to all the molecular colt is ions made 
on a unit area. The effects of pressure can he felt. The macroscopic point of view 
is not concerned with the action of individual molecules, and the force on a given 
unit area can be measured by using, e,g., a pressure gauge. These macroscopic 
observations arc completely independent of the assumptions regarding the nature 
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of matter. All the results of classical or macroscopic thermodynamics can^ 
however, be derived from the microscopic and statistical study of matter. 


L2 Thermodynamic System and Control Volume 


A thermodynamic syslem is defined as a quantity of matter or a region in space 
upon which attention is concentrated in the analysis of a problem. Everything 
external to the system is called the st^rrou/idmgs or the viVonmen^ The system 
is separated from the surroundings by the system boundary (Fig. 1.1). The 
boundary may be either/lce;/ or moving. A system and its surroundings together 
comprise a universe. 



Boundary 


Surroundings 



Boundary 

Energy out 


Surroundings 


Energy in 

Mo mass transfer 


Fig* 1*1 A tAermodyiuimic system 


Fig. 1.2 A dosed system 


There are three classes of systems: (a) closed system, (b) open system and (c) 
isolated system. The dosed system {Fig. 1.2) is a system of fixed mass* There is 
no mass transfer across the system boundary. There may be energy transfer into 
or out of the system. A certain quantity of fluid in a cylinder hounded by a piston 
constitutes a closed system* The open system (Fig. 1.3) is one in which matter 
crosses the boundary of the system. There may be energy transfer also. Most of 
the engineering devices are generally open systems, e.g., an air compressor in 
which air enters at low pressure and leaves at high pressure and there are energy 
transfers across the system boundary. The isolated system (Fig* 1.4) is one in 
which there is no interaction between the system and the surrounding. It is of 

fixed mass and energy, and there is no mass or energy transfer across the system 

boundary. 



Energy in 


Boundary 


Mass out 


Surroundings 


Mass in 


Energy out 


Fig* 1*3 An open system 



Surroundirvgs 

No mass or energy transfer 

Fig. 1*4 isolated system 


If a system is defined as a certain quantity of matter, then the system contains 
the same matter and there can be no transfer of mass across its boundary. 
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However, tf a system is defined as a region of space within a prescribed boundary» 
then matter can cross the system boundary. While the former ls called a closed 
system, the latter is an open system. 

For thermodynamic analysis of an open system, such as an air compressor 
(Fig. 1.5), attention is focussed on a certain volume in space surrounding the 
compressor, known as the control volume^ bounded by a surface called the 
control surface. Matter as well as energy crosses the control surface. 


Air out 


Work 


Motor 


r r 



Air compressor 








Heat 


X 


u 

y 


Control 

surface 


i 


Control volume 


Air in 


Fig. U Conirol volume and control surface 

A closed system is a system closed to matter flow, though its volume can 
change against a flexible boundary. When there is matter flow, then the system is 
considered to be a volume of fixed identity, the control volume. There is thus no 
difference between an open system and a control volume. 


U Thennodynamic Properties^ Ptocesses and Cycles 

Every system has certain characteristics by which its physical condition may be 
described, e.g., volume, temperature, pressure, etc. Such characteristics are called 
properties of the system. These are all macroscopic in nature. When all the 
properties of a system have definite values, the system is said to exist at a definite 
state. Properties are the coordinates to describe the state ofa system. They are the 
state variables of the system. Any operation in which one or more of the properties 
ofa system changes is called a change ofstate. The succession of states passed 
through during a change of state is called the path of the change of state. When 
the path is completely specified, the change of state is called a process, e.g., a 
constant pressure process. A thermodynamic cycle is defined as a series of state 
changes such that the final state is identical with the initial state (Fig, 1.6) 
Properties may be of two types. Intensive properties are independent of the 
mass in the system, e.g., pressure, temperature, etc. Extensive properties are 
related to mass, e.g,, volume, energy, etc. If mass is increased, the values of the 
extensive properties also increase. Specific extensive properties, i.e., extensive 
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- ^ V «H> A process 

1-2-1 A cycle 

Fig. 1.6 A pr^tss and n cycU 

1*4 Homogeneous and Heterogeneous Systems 

A quantity of matter homogeneous throughout in chemical composition and 
physical structure is called a phase. Every substance can exist in any one of the 
three phases^ solid, liquid and gas. A system consisting of a single phase is 

called a homogeneous system^ while a system consisting of more than one phase 
is known as a heterogeneous system. 

1*5 TliermadyiiaJiiic 

A system is said to exist in a state of thermodynamic equilibrium when no change 
in any macroscopic property is registered, if the system is isolated from its 
surroundings. 

An isolated system always reaches in course of time a state of thermodynamic 
equil ibrium and can ne^fer depart from it spontaneously. 

Therefore, there can be no spontaneous change in any macroscopic property 
if the system exists in an equilibrium state. Thermodynamics studies mainly the 
properties of physical systems that are found in equilibrium states. 

A system will be in a state of thermodynamic equilibrium, tf the conditions for 
the following three types of equilibrium are satisfied; 

(a) Mechanical equilibrium 

(b) Chemical equilibrium 

(c) Thermal equilibrium 

In the absence of any unbalanced force within the system itself and also 
between the system and the surroundings, the system is said to be in a state of 
mechanical equilibrium . If an unbalanced force exists, either the system alone or 

both the system and the surroundings will undergo a change' of state till 
mechanical equilibrium b attained. 

■■ ti;^ ciiuf-;:- ■ 
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If there is no chemical reaction or 



one part of the system 


to another, such as diffusion or solution, the system is said to exist in a state of 

chemical equiiihnum. 

When a system existing in mechanical and chemical equiltbrium is separated 
from its surroundings by a diathermic wall (diathermic means ’which allows heat 
to flow') and if there is no spontaneous change in any property of the system, the 

system is said to exist in a state 

the system will undergo a change of state till thermal equilibrium is restored. 




When the conditions for any one of the three types of equilibrium are not 

satisfied, a system is said to be in a nonequilibrium state. If the nonequilibrium 

of the state is due to an unbalanced force in the interior of a system or between the 
system and the surrounding, the pressure varies from one part of the system to 
another. There is no single pressure that refers to the system as a whole. Similarly, 
if the nonequilibrium is because of the temperature of the system being different 
frem that of its surroundings, there is a nonuniform temperature distribution set 
up within the system and there is no single temperature that stands for the system 
as a whole. It can thus be inferred that when the conditions for thermodynamic 
equilibrium are not satisfied, the states passed through by a system cannot be 

system as a 

Thermodynamic properties are the macroscopic coordinates defined for, and 
significant to, only thermodynamic equilibrium states. Both classical and 
statistical thermodynamics study mainly the equilibrium states of a system. 




L6 Quasi-Static Froce^ 

Let us consider a system of gas contained in a cylinder (Fig. L7). The system 







by the gas. If the weight is 


initially is in equilibrium state, 
on the piston just balances the upward force 
removed, there will be an unbalanced force between the system and the 
surroundings, and under gas pressure, the piston will move up till it hits the stops. 

Stops 
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Weig ht 


Piston 


Initial state 
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Fig. 1*7 TTansdion htiwecn two cquilibritim states by an unbalanced force 
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consideration, and dF^ is the component of force normal to SA (Fig. 1,13), the 
pressure p at a point on the wall is defined as 




fig. 1.13 Definition of pressure 


The pressureat a point in a fluid in equilibrium Is the same in all directions. 

The unit for pressure in the SI system is thepascal (Pa), which is the force of 

one newton acting on an area of 1 

1 Pa = 1 NW 

The unit of pascal is very small. Very often kilo-pascal (kPa) or mega-pascal 
(MPa) is used. 

Two other units, not within the SI system of units, continue to be widely used. 
These are the bar^ where 

I bar = 10* Pa = 100 kPa = 0.1 MPa 

and the standard atmosphere, where 

1 atm = 101,325 kPa= 1.01325 bar 

Most instruments indicate pressure relative to the atmospheric pressure, 
whereas the pressure of a system is its pressure above zero, or relative to a perfect 
vacuum. The pressure rel alive to the atmosphere is called gauge pressure. The 
pressure relative to a perfect vacuum is called absolute pressure. 

Absolute pressure = Gauge pressure + Atmospheric pressure 

When the pressure in a system is less than atmospheric pressure, the gauge 
pressure becomes negative, but is frequently designated by a positive number and 
called vacuum. For example, 16 cm vacuum will be 

X 1.013 = 0.08 bar 
76 

Figure 1.14 shows a few pressure measuring devices. Figure (a) shows the 
Bourdon gauge which measures the difference between the system pressure inside 
the tube and atmospheric pressure. It relies on the deformation of a bent hollow 
tube of suitable material which, when subjected to the pressure to be measured on 
the inside (and atmospheric pressure on the outside), tends to unbend. This moves 
a pointer through a suitable gear-and-lever mechanism against a calibrated scale. 
Figure (b) shows an open U-tube indicating gauge pressure, and Fig. (c) shows art 
open U-tube indicating vacuum. Figure (d) shows a closed U-tube Indicating 







lntrcducti<in 


U 


absolute pressure. If p is atmospheric pressure, this is a barometer. These are 
called U-tube manometers. 

If Z is the difference in the heights of the fluid columns in the two limbs of the 
U-tube [Fig* (b) and Fig* (c)], p the density of the fluid andg the acceleration due 
to gravityf then from the elementary principle of hydrostatics, the gauge pressure 
is given by 


Palm 

i 



(c) (d) 

Fig. 1.14 Presstift g&uga 

(a) B<iutdmgaug€ 

(h) Qpm U-iube indkdiing gauge pres^re 

(c) Open U-tube indicating matum 

(d) Closed U-tube indicating absolute pTessure 
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If the fluid is mercury having p = 13,616 kg/m^, one metre head of mercury 
column is equivalent to a pfe^ssure of 1.3366 bar, as shown below 





= Zpg = ] X 13616X9J1 
= 1.3366 X 10^ N/m^ 

= 1.3366 bar 


P 


The manometer is a sensitive, accurate and simple device, but it is limited to 
fairly small pressure differentials and, because of the inertia and friction of the 
liquid, is not suitable for fluctuating pressures, unless the rate of pressure change 
is small. A diaphragm-type pressure transducer along with a cathode ray 

oscilloscope can be used to measure rapidly fluctuating pressures. 
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Volume (10 is the space 
specific volume (z?) of a 
measured in m^/kg. From 
is defined as 





IS 



is defined as the 



The 


unit mass and is 




V = lim 
Sv^Sv* 


SV 



where 5V' is the smallest volume for which the system can be considered a 
continuum. 

Density (p) is the mass per unit volume of a substance, which has been 
discussed earlier, and is given in kg/m^. 



In addition to m^, another commonly used unit of volume is the litre (J). 

11 = 10 “^ 


The specific volume or density may be given either on the basis of mass or in 
respect of mole. A mole of a substance bas a mass numerically equally to the 
molecular weight of the substance. One g mol of oxygen has a mass of 32 g and 1 




of 28 




V is 




1.10,4 Energy 

Energy is the capacity to exert a force through a distance, and manifests itself in 
various forms. Engineering processes involve the conversion of energy from one 
form to another* the transfer of energy from place to place, and the storage of 
energy in various forms, utilizing a working substance. 

The unit of energy in the SI system is Nm or J (joule). The energy per unit mass 
is the specific energy, the unit of which is J/kg. 


Introduction 



LI 0.5 Power 

The rate of energy transfer or storage is called power. The unit of power is wait 

(W), kilowatt (kW) or megawatt (MW), 

1 W = 1 J/s = 1 Nm/s 
i kW = lOOO W 

Lll History of Thennodyiiaiiiics 


The latter half of the eighteenth century ushered 



into the modem world of 


machinery and manufacture, and brought about cataclysmic changes in the social, 
economic and political life of the people. The htstorians have called it the 
Industrial Revolution. It began in England due to a fortuitous combination of 
many factors. There was bustling creative activity in science and technology 
during this period in England, with the appearance of a galaxy of some brilliant 


individuals. The invention of the steam engine gave an impetus to 



activity, 


and for the first time made man free from the forces of nature. The names of 
Savery, Newcomen and notably James Watt arc associated with this invention. 
Watt brought about considerable improvement in the performance of the steam 
engine, which began to be widely used in coal mines, iron metallurgy and textile 
mills* George Stephenson introduced steam engine for rail transport, and Robert 
Fulton used it in steam boats* A variety of industries grew up, and man gradually 

entered into the modem machine age. The advent of steam engine also gave 
stimulus to the birth of thermodynamics* Thermodynamics is said to be the 

"daughter*' of the steam engine. 

There was once a young inventor who thought that he could produce energy out 
of nothing* “It is well known”, said he, "that an electrical motor converts 
electrical energy into mechanical energy and that an electric generator converts 
mechanical energy into electrical ener;^. Why not then, use the motor to nm the 
generator and the generator to run the motor* and create thereby an endless supply 
of energy”? But this is never to happen. A hypothetical device which creates 
energy from nothing is called a perpetual motion machine of the first kind, a 


PMM1 * Like the proverbial touchstone which changes all metals into gold* man 

attempted to find such a PMM I for long long years, but it turned out to be a wild 

goose chase. In fact, the development of the principle of conservation of energy 
has been one of the most significant achievements in the evolution of physical 
science. The first recognition of this principle was made by Leibnitz in 1693, 
when he referred to the sum of kinetic energy and potential energy in a 
gravitational force field* Energy is neither created nor destroyed. Energy 
manifests in various forms and gets transformed from one form to another. 
Through gentle metabolic processes, a day labourer 
chemical energy of the food he eats and the oxygen he breathes into beat, sound 
and useful work. Work was always considered a fonn of energy* The concept of 
heat was, however a very actively debated scientific topic. Until the middle of the 
nineteenth century, heat was regarded as an invisible colourless, weightless* 






mimics 


y odourless fluid that flowed from a body of higher caloric to a body of lower 
caloric* This was known as the caloric theory of heat, first proposed in 1789 by 
Antoine Lavoisier (1743-1794), the fether of modem chemistry. When an object 
became full of caloric, it was then said to be saturated with it This was the origin 
of the terms “saturated liquid”, “saturated vapour” etc, that we use in 
thermodynamics today. The caloric was said to be conserved and it was 

indestmctible. The caloric theory was, however, refuted and heat was confirmed 
as a form of energy in the middle of the nineteenth century leading to the 
formulation of the first law of thermodynainics. The names which stand out in die 
establishment of the first law were Benj amin Thompson (1753-1814), James 
Prescott Joule (1818-1889) and Julius Robert Mayer {1814-1978)* 

B enj amin Thompson, an American bom in Massachusetts, did not support the 
revolt against the British during the American war of independence, and in 1775 
he ieft for England where he took up goveniment servi ce* On a trip to Germany, 
he met the prince of Bavaria who offered him a job. He introduced many reforms 


in the government for which the title of Count von Rumford was conferred on 
him. While boring brass cannon hole, Count Rumford noticed that there was a 
continuous heat release. How could the caloric fluid be conserved, when it was 
being produced continuously by mechanical friction? From the established 

principle of conservation of mass, a true fluid can be neither created nor 
destroyed, so heat could not be a fluid if it could be continuously created in an 
object by mechanical friction. Rumford conceived that heat was “a kind of 
motion” and the hotness of an object was due to the vibrating motion of the 
particles in the obj cct. On his return to England, he became a member of the 
Royal S ociety, and later founded the Royal Institution for the Advancement of 

Science, Rumford married the widow of Lavoisier and lived in Paris for the rest 
of his eventful life. 

In the early forties of the nineteenth century, James P. Joule and Julius R. 
Mayer almost simultaneously set forth the idea that heat transfer and mechanicaf 
work were simply different forms of the same quantity, which we now recognke 
as energy in transit* In some modem treatments of engineering thermodynamics, 
Joule's name alone is attached to the estabiishment of the equivalence of "heat" 
and “work”. The published record, however, shows that the idea of convertibil ity 
of heat into work was published independently by Mayer in May, 1842 and Joule 

in August, 1843. For an important aspect in the history of the first law, is the feet 

that both Mayer and Joule had difficulty in getting their papers published and in 


Robert Mayer was a doctor in a ship in the East Indies and from physiological 
observations, he believed in a principle of conservation of energy. He derived 
theoretically* the mechanical heat equivalent based on the calorimetric data of 
Joseph Black of Glasgow University* Mayer tried to publish his paper but 
remained unsuccessful for a long time. His despair was so great that he attempted 
suicide by jumping from a window, but he only broke his two legs. He was placed 

in an asylum for some time. In later years, however, he was given some measure 
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or recogd tiop and honoured equally with Joul e in estabi tshing the mechani cal 
theory of heat 

Mayer argued that an amount of gag needs to be heated more at eonstant 
pressure than at constant volume^ because at constant pressure it is free to dilate 
and do work against the atmosphere, which in 



s notations 



mCg AT - mc^AT 




( 1 . 2 ) 



Using the and constants that were known in his time, 
left-hand side of the equation in calories, 

mechanical units^ He thus established au 

units. If the relation 

Fv^^RT 

is used in Eq. (1.2), Mayer's argument reduces to 



(1.3) 


c 


p 


c 


R 


(1.4) 


This classic relationship between the specific heats of an ideal gas is called 
Mayer*s equation; while the ideal gas equation of state, £q. (1.3), was first 
derived by Clapeyron [Bejan, 1988]. 

Joule was the ultimate experimentalist. His experiments seem to be the direct 

continuation of those of Rumford and the gap of some forty years between the two 

■ 

investigations appeared puzzling to some authors. Joule's first discovery ftom his 
measurements was that the flow of current in a resistance, is accompanied by the 
development of heat proportional to the resistance. He concluded that caloric was 
indeed created by the flow of current. He was firmly convinced that there existed 

some conservation law of a general nature and hence set out to investigate 
whether the conversion of the various forms of energy is governed by definite 
conversion factors. He considered the conversion of chemical, electric, caloric, 
and mechanical energy foims in all combinations. The determination of the 
mechanical equivalent of heat forms the central part of his experiments, the results 
of which can be summed up in the general relation: 


W = JQ 


(1.5) 


whereJ is the mechanical equivalent of heat. Joule's experiments suggested that 


this relation may have universal validity with the same numerical value of/under 
all conditions. 

Joule communicated the results of his experiments to the Britbh Association 
for the Advancement of Science in 1843* It was received with entire 


and general silence. In 1844 a paper by Joule on the same 


the Royal Society. To convince the skeptics* he produced 




of view of mechanical engineers, the most memorable among these experiments 


was 



an array 



* Adrian Bejan, ‘^Research into the Origins of Engineering Thermodynamics", Int. 
Comm. Heaf Mass Transfer^ VoL 15> No* 5, 1988, pp 571-580. 
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and Applkd Th^rmod^m m its 


weights. He discussed in 1S47, before the British Association at Oxford, his 
experimental results in which he suggested that the water at the bottom of the 
Niagara waterfall (160 feet high) should be warmer than at the top (by 
From the thermal expansion of gases Joule deduced that there should be a ‘*zero 
of temperature”, 480®F below the freezing point of ice. This was the first 
suggestion of absolute zero. Although these results failed to provoke further 
discussion, it created interest in a young man who only two years ago had passed 
from the University of Cambriclge with the highest honour. The young man was 

William Thomson, who later became Lord Kelvin, He somewhere stated that it 


was one of the most valuable recollections of his life. Michael Faraday was also 
present in the 1844 Oxford meeting, and he communicated Joule's paper “On the 
Mechanical Equivalent of Heat” to the Royal Society in 1849. 

The paper ultimately appeared in its Philosphical Transaetions in 1850. 

Even while Joule was perfecting the experimental basis of the energy law now 
called the Mayer-Joule principle, Herman Ludwig von Helmohltz (1821-1894) 
published in 1S47, his famous essay on the conservation of force. In this work, he 

advanced the conservation of energy as a unifying principle extending over all 
branches of physics. Helmholtz, like Mayer, was a physician by profession and 
self-taught in Physics and Mathematics, He also faced great difHcultics in getting 

his paper published in professional Journals, 

In the history of classical therni odynamics, one thinks of only the closed system 
formulations of the first [aw which were deliberated by the pioneers as slated 
above. In engineering thermodynamics, however, open system formulations are 
of prime interest* The first law for open systems was first stated by Gustave Zeu- 
ner, as part of the analysis of flow systems that operate in the steady state. 
Zeuner's formula for the heat transfer rate to a stream m in steady flow and 
without shaft work in present notations is given to be: 


dC^m = +/^ + K^/2 + gz) (1-6) 

The reference of this formula is found in Stodola's classic treatise on steam 
turbines, first published in the Gennan language in 1903. 

The first person to invent a theory simultaneously involving the ideas of 
conservation and conversion of energy was the young French military engineer 
Nicolas Leonard Sadi Carnot (1796-1832). The strikingly original ideas of 
Camot^s work make it among the most brilliant new departures in theoretical 

physics* Sadi Carnot was the son of Napoleon's general, Lazare Carnot, and was 

educated at the famous Ecole Polytechnique in Paris. Between 1794 and 1830, 
Ecole Polytechnique had such famous teachers as Lagrange, Fourier, Laplace^ 
Ampere, Cauchy, Coriolis, Poisson, Gay-Lussac, and Poiseuille* After his formal 
education Carnot chose a career as an army officer* Britain was then a powerful 
military force, primarily as a result of the industrial revolution brought about by 
the steam engine. French technology was not developing as fast as Britain's. 
Carnot was convinced that France's inadequate utilization of steam power had 
made it militarily inferior. He began to study the fundamentals of steam engine 
technology, and in 1824 he published the results of his study in the form of a 
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brochure *"Reflectioti on the Motive Power of Heat and on Machines Fitted to 
Develop that PoweF'. Carnot was trained in the basic principles of hydraulics. 


pumps and water wheeb at the Ecole Polytechntque. During Carnot’s time. 


caloric theory of heat was still persisting, and the water wheel as the major source 
of mechanical power was gradually getting replaced by the steam engine. Carnot 
conceived that the power of a steam engine was released, as the heat fluid or 
caloric fell from the high temperature of the boiler to the tower temperature of the 
condenser, in much the same way that water falb through a water wheel to 
produce mechanical shaft work output. Carnot stated, *‘The motive iK>wcr of a 
water wheel depends on its height and the quantity of liquid. The motive power of 
heat also depends on the quantity of caloric used and on the height of its lalh i-e., 
the difference of temperatures of the bodies between which the exchange of 
caloric is made”. 

Tilt Carnot’s time thermodynamics was developed primarily on an cmpricial 
basis provided by ehemistry. Carnot approached an engineering problem, the 
efficiency of heat engines, in terms of entirely new concepts with the steam engine 

serving as the stimulus. Camot observed that the existence of temperature 
differences is a necessary condition for producing mechanical worit by means of a 
heat engine. He simplified the problem to its bare essentials and stipulates, that 
this system, consisting essentially of a working substance, should exchange heat 
with its surroundings only at two fixed temperatures. In order to conceptualize 
such a situation, he introduces the idea of heat reser\'oirs. Tw'o important 
conclusions emerged from Camot ’ s work: 

1. No one could build a water wheel that would produce a continuous work 
output unless water actually entered and exited the wheel. If water with a certain 
kinetic and potential energy entered the wheel, then the same amount of water 
with a lower energy must also exit the wheel. It is thus impossible to make a water 
wheel that converts all the energy of the inlet water into shaft work output. There 
must be an outflow of water from the wheel. 

If this idea is extended to a steam engine by replacing the water by beat fluid 
caloric, it can be concluded that when caloric at a certain energy level 

(temperature) enters a work producing heat engine, it must also exit the heat 
engine at a low energy level (temperature). Thus a continuously operating heat 

engine that converts all of its caloric (heat) input directly into work output i.s not 

possible. This is very close to the Kelvin-Planck statement of second law as it is 
known today. 

2. The maximum efficiency of a water wheel was independent of the type of 
the liquid and depended only on the inlet and outlet flow energies. The maximum 
efficiency of the steam engine (or any heat engine) depends only on the 
temperatures of the high and low temperature thermal reservoirs of the engine and 
is independent of the working fluid. To achieve the maximum efficiency there 
must not be any mechanical friction or other losses of any kind. 

Only at the age of 36, Sadi Camot died of cholera following an attack of scarlet 
fever. The significance of Carnot’s work was not recognized until 1850, when 
Rudolf Clausius (1822-1888) and William Thomson (1824-1907) worked out a 
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clear formulation of the conservation of energy principle. Camol’s first 
conclusion was then called the second law of thermodynamics by Clausius, and 
Thomson used Carnot’s 

temperature scale. Thermodynamics is thus said to have originated from 

and is often called ‘The 












"clumsy puffing of the early 
steam engine”. 

Carnot’s ideas were so revolutionaty that they were largely ignored. Soon after 

Emile Ciapeyron (1799-1S64), a French mining engineer. 



Camof 

strengthened Carnot’s ideas by using more precise mathematical derivation. 
Ciapeyron constructed its thermodynamic cycle by deducing that it must be 
composed of two reversible isothermal processes and two reversible adiabatic 
processes. It is now known as Cainot’s cycle. It was the first heat engine cycle to 
be conceptualized. No other heat engine can equal its efficiency. 

Ciapeyron was later able to derive a relation for the enthalpy change of the 


liquid to vapour phase (Afg) in terms of pressure, temperalure and specific volume. 
This provided the first equation, now called the Clausius-Clapeyron equation, 
representing the first order phase transition, which could be used to estimate a 
property that is not directly measurable in terms of properties that are directly 
measurable. Clapeyron’s equation is now most easily derived from one of 
Maxwell’s equations. 

William Thomson (1824-1907), who became a professor of natural 

philosophy at the University of Glasgow in 1848 at the age of 24 only, rejected 
the caloric theory of heat and for the first time used the terms ^Thermodynamics” 
and "mechanical energy”. Apart from the deduction of the absolute temperature 
scale, Thomson worked with Joule from 1852 to 1862 in a series of experiments 
to measure the temperature of gas in a controlled expansion and propounded the 
Joule-Thomson effect for real gases. 



distinct laws at work, the first law due to Joule and Mayer and the second law as 
expounded by CamoL He defined the internal energy t/. Although both Kelvin 
and Clausius used the function Q^JT for some years, Clausius recognized the 
value of this function and to describe it he coined the word "entropy” from the 
Greek word "tropee” meaning 'Transformation” and assigned it the symbol S. 
Clausius in 1865, summarised the 
following words: 

“Die Energte der Welt isl konstant. 

Die Entropie der Welt 
which is translated as 




“The energy of the world is constant. 

The entropy of the world tends toward a maximum”. 

The world here means the universe, die system and the surroundings together. 
These statements made a strong impression upon a young student, Max Karl 

Ernst Ludwig Planck (1858-1947), He was educated at the universities of 
Munich and Berlin. In his autobiography he stated, “One day I happened to come 





4 


Intr&duction 


19 



across the treatises of Rudolf Clauaius, whose 
of reasoning made an enortnotis impression on me, and I became deeply absorbed 
in his articles* with an ever increasbg enthusiasm. 1 appreciated especially his 

ics* and the sharp distinction^ 


exact formulation of the two laws 


which he was the first to establish between them”* In 1897, Planck^ demonstrated 
the close connection between the second law and the concept of reversibility. He 



stated the second law as the impossibility of a 



device which produces 


positive work and exchanges heat with a single reservoir 



was 





also made by Kelvin, and is now recognized as Kelvin 

law. Poincare^ in 1908, extended the work of Planck and prescribed a complete 
structure 

The property, entropy, plays a steller role in thermodynamics. It was 
introduced via the concept of heat engines. In 1909, the Greek mathematician 
Caratheodory proved the existence of entropy fiinction mathematically without 

s statement 

law may be stated as: “In the neighbourhood of any arbitrary state Pq 
system, there exist neighbouring states which are not accessible from along 
quasi-static adiabatic paths”. From the standpoint of the engineer and physicist it 
is entirely mathematical in form and devoid of physical insight. 

William John Macquom Rankine (1820-1872) defined the thermodynamic 
efficiency of a heat engine and showed the usefulness of p-v diagrams as nelated 
to wodc. He wrote the first text book on thermodynamics^, and was die first to 

engine, now 





work out 
known as 

In 1862, the cycle used in modem gasoline- 
in a patent issued to Alphonse Beau de Rochas 
engine was, however, built by Nikolous August Otto (1832-1S91) which was 



was proposed 
The first practical 



al battles with 


demonstrated at the Paris Exposition in 1878. 

Beau de Rochas for production of these engines, but finally lost to him. 

Captain John Ericsson (1803-1889) was a Swedish engineer who marketed 
small solar-powered and coal-fired hot air engines* Rev* Robert Stirling 
(1790-1879), an English parish minister, patented a practical heat engine in 1816 
that used air as the working fluid* In theory* the cycle used in the Stirling engine 
approaches the ideal cycle later proposed by Carnot (1824)* 

George Bailey Brayton (1830-1892), an American engineer, marketed an I.C* 
engine with a separate combustion chamber, where combustion of fuel occurred 




L M* Planck, Treatise on Thermodynamics (1897), translated by A. 

Green; London, 1927. 

2* H. Poincare, Thermodynamique, Gauthier-Villais, Paris, 

3 W,J.M. Rankine, ^^Manual of the Steam Engine and other Prime Movers 

going through 17 editions, as mentioned by Robert Balmer in 
West Publishing Co., 1990, page 399. 








at about constant pressure. This cycle later formed the basis for modem 
turbine plants. 

Gottlieb Daimler (1834-1900) obtained a patent in 1379 for a multicylinder 
automotive engine, which was commercially successful. Dr. Rudolf Christian 
Karl Diesel (1358-1913) studied at Technische Hochschule in Munich. He 
designed large steam engines and boilers. He later developed in 1397 m LC. 
engine with fuel injection which resembled die modem diesel engine. Failing 
health, continuing criticism and serious financial setbacks beset Diesel who in 
1913 disappeared from a boat crossing the English channel in a moonlit night. 


Josiah Willard Gibbs (1839-1903) is often regarded as the most brilliant 

thermodynamicist produced in the USA. He received the first doctorate degree in 
engineering in the USA (Yale University). He contributed significantly in many 
areas of thermodynamics like heterogeneous systems, phase rule, physical 
chemistry and statistical thermodynamics. Some of his very important papers 
were published in obscure journals like Connecticut Academy of Sciences^ and 
remained unknown to most scientists. Only after his deaths these were discovered 




Example I.l The pressure of gas in a pipe line is measured with a mercury 
manometer having one limb open to the atmosphere (Fig. Ex. 1.1). If 
difference in the height of mercury in the two limbs is 562 mm, calculate the gas 
pressure. The barometer reads 761 mm Hg, the acceleration due to gravity is 9.79 

and the density of mercury is 13,640 kg^m^. 



Solution At the plane AB, we have 


Now 






whereaQ is the barometric height,p the density of mercury and Pq the atmospheric 


pressure. 

Therefore 
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177 X 10^ N/m* = 17 7 kPa 
1.77 bar - 1.746 attn 


Ans. 



p!e 1.2 A turbine is supplied with steam at a gauge pressure of 1.4 MPa. 
After expansion in the turbine the steam flows into a condenser which is 

laintained at a vacuum of 710 mm Hg* The barometric pressure is 772 mm Hg. 


Express the inlet and exhaust steam pressure in pascals (absolute). Take 



density of mercury as 13.6 X 10^ kg/ml 
Soiution The atmospheric pressure 

= pgZQ = 13.6 X 10 


Inlet steam pressure 


Condenser pressure 


3 



^ X 9.81 m/s* X 0.772 m 


1 . 



X 10* Pa 


t(1.4xl0‘) +(1.03x10’)] Pa 

15.03 X 10* Pa 

1.503 MPa 


5 


j4nj 




0.710) mx 9.81 m/s*x 13.6 x 10* 



3 


0.827 X 10 
8.27 kPa 
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Arts 


Review 



1. 




1.1 What do you understand by macroscopic and microscopic viewpoints? 

1 2 Is thentiodyuamics a misnomer for the subject? 

1.3 How does the subject of thermodynamics differ fifotn the concept of 

transfer? 

1.4 What is the scope of classical thermodynamics? 

1.3 What is a thermodynamic system? 

1.6 What is the difference between a c loscd system and an open system? 

1.7 An open system defin ed for a fixed region and acontrolvolumeare synonymous. 

Explain, 

1. H Dehnc an isolated system. 

1 .9 Distinguish between the terms ‘ change 

1.10 What is a thermodynami c cycle? 

1.11 
1.12 

1.13 

1.14 Explain mechanical, chemical and 

1.15 What is a quasi^static process/ What is its characteristic feature? 

What is the concept of continuum? How will you define density and pressure 
using this concept? 






1.17 What is vacuum? How can it be measured? 
LIS What is a pressure transducer? 
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l.I A pump discharges a liquid 


1.2 


a drum at the rate of 0,0032 m^/s. The dninii 


50 m in diameter and 4.20 m in length, can hold 3000 kg of the liquid. Find the 
msity of the liquid and the mass flow rate of the liquid handled by the pump, 
he acceleration of gravity is given as a function of elevaticMi above sea level by 


avity IS given as a 
g = 9B0.6 - 3,086 


X 10‘® H 


where g is in cm/s * and H is in cm. If an aeroplane weighs 90,000 N at sea level* 


what is the gravity force upon it at 10* 

difference from the sea-level weight? 


tn elevation? What is the percentage 


1,3 Prove that the weight of a body at an elevation H above sea-level Is given by 


W 


m 


d 


go U + 


where d is the diameter of the earth 


b 


1.4 The first artificial earth satellite is reported to have encircled the earth at a ^>aed 
of 28*840 km/h and its maximum height above the earth's surface was stated to 
be 916 km. Taking the mean diameter of th e earth to be 12*680 km* and assuming 
the orbit to be circular* evaluate the value of the gravitational acceleration at this 
height. 

The mass of the satell ite is reported to have been 86 kg at sea-level. Estimate the 
gravitational force acting on the satellite at the operational altitude. 

8.9 m/s^; 765 N 

1.5 Convert the following readings of pressure to kPa, assuming that the barometer 
reads 760 mm Hg: 

(a) 90 cm Hg gauge* (b) 40 cm Hg vacuum, (c) 1 2 m H 2 O gauge* (d) 3.1 bar, 

1.6 A 30 m high vertical column of a fluid of density 1878 kg/m^ exists in a place 

where g = 9,6 5 m/s^. What is the pre^ure at the base of the column? 

Ans. 544 kPa 

1.7 Assume that the pressure p and the specific volume v of the atmosphere are 


1.7 Assume that the pressure p 


related according to the equation pv 


1.4 


2,3 X 10 * where p is in N/m^ abs 


V 


is in m^/kg. The acceleration due to gravity is constant at 9.81 m/s^. What is the 
depth of atmosphere necessary to 


produce a pressure of LO132 bar at 

the earth^s surface? Consider the 
atmosphere as a fluid column. 

Am. 64.8 km 

1.8 The pressure of steam flowing in 
3 pipe line is measured with a 
mercury manometer* shown in 

Fig. P, 1.8. Some steam condenses 

into water. Estimate the steam 

pressure in kPa. Take the densiw 
of mercury as 13.6 x JO^ kg/m^ 


at prassura, p 
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density of water as 10 kg/m * the 

barometer reading as 76.1 cm Hg* 
and g as 9,806 m/s^. 
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1.9 A vacuuiD gsuge mounted on a condienseT reads 0.6d m Hg, What is the absolute 

pressure in the condenser in kPa when the atmospheric pressure is t DL3 kPa? 

Ans. 8.8 kPa 

1.10 The basic barometer can be used to measure the height of a building. If the 

barometric readings at the top and at the bottom of a building are 730 and 760 
mm Hg, respectively, determine the height of the building. Assume an average 

air density of 1.18 kgM^. 







Temperature 


2.1 Zeroth Law of Thermodyiiamlcs 

The property which distinguishes thermodynamics from other sciences is tem¬ 
perature . One might say that temperature bears as important a relation to ther« 
modynamics as force does to statics or velocity does to dynamics. Tempera¬ 
ture is associated with the ability to distinguish hot Irom cold. When two bodies 
at different temperatures are brought into contact, after some time they attain a 
common temperature and are then said to exist in thermal equilibrium. 

When a body A is in thermal equiUbrium with a body and also separately 
with a body C then B and C will be in thermal equilibrium with each other. 

This is known as the zeroth law of thermodynamics. It is the basis of tem¬ 
perature measurement. 

In order to obtain a quantitative measure of temperature, a reference body is 
used, and a certain physical characteristic of this body which changes with 

temperature is selected. The changes in the selected characteristic may be taken 
as an indication of change in temperature. The selected characteristic is called 
the thermometric property, and the reference body which is used in the determi¬ 
nation of temperature is called the thermometer. A very common thermometer 
consists of a small amount of mercury in an evacuated capillary tube. In this 
case the extension of the mercury in the tube is used as the thermometric prop¬ 
erty. 

There are five different kinds of thermometer, each with its own thermometric 
property, as shown in Table 2.1. 


2.2 Measurement of Temperature—the Reference Points 


The temperatiue of a system is a property that determines whether or not a 

system is in thermal equilibrium with other systems. If a body is at, say, 70°C, 
it will be whether measured by a mercury-in-glass thermometer, resist- 
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aticc thermometer or constant volume gas thermometer. If X is the thermomet' 
ric property, let us arbitrarily choose for the temperature common to the ther¬ 
mometer and to ait systems in thermai equilibrium with if the following linear 
function of X: 


Table 2.1 ThtTmantden and ThrrmometTic Propfrtifs 


Til ermom e!er 


U Constant volume gas thermometer 
Z Constant pressure gas thermometer 
3. Hlectrieal resistance thermometer 
4* Thermocouple 
5, Mercury-in-glass thermometer 


, Thermornetric 
property . , ^ , 

Pressure 
Volume 
Resistance 
Thermal e.m.fp 

Length 



P 

V 

R 

e 

L 


B(Xi- flX, where a h an arbitrary constant. 
If X^ corresponds to 6 (X^), then X 2 will correspond to 


e{x,) 


X 


■X 


2 


I 


that is 


e(x^) 




X 


■X 


2 


1 


Two temperatures on the linear X scale are to 
corresponding Xs. 


(2A) 



other as the ratio of the 


2.2.1 Method in Use Before 1954 


The thermometer is first placed in contact with the system whose temperature 
6 (X) is to be measured, and then in contact with an arbitrarily chosen standard 
system in an easily reproducible state where the temperature is 0 (X^). Thus 


^X^) ^ X, 
BiX) X 

Then the thermometer at the temperature 
another arbitrarily chosen standard system in 

where the temperature is 6 (X 2 ). It gives 


( 2 . 2 ) 

B (X) is placed in contact with 
another easily reproduciblec state 



P 


U rfiBl>cr rGC h il ic n gc'5 c 1 1 fitz 
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or 


d{X} 


e(x^ Bix^) 


x,-x. 


X 


(2, 



if we assign an arbitrary number of degrees to the temperature interval 
- B(X^, then 0(JO can be calculated from the measurements of X, X^ 


e(x,) - 

and A^ 2 - 

An easily reproducible state of an arbitrarify chosen standard system is called 
a fixed point. Before 19S4, there were two fixed points: (a) the ice point, the 
temperature at which pure ice coexisted m ^uil ibrium with air-saturat ed water 
at one atmosphere pressure^ and (b) the steam point, the temperature of equilib* 
rium between pure water and pure steam at one atmosphere pressure* The 
temperature interval, ) - BiXjX between these two fixed points was cho¬ 
sen to be 100 degrees* 

The use of two fixed points was found unsatisfactory and later abandoned, 
because of (a) the difficulty of achieving equilibrium between pure ice and air- 
saturated water (since when ice melts, it surrounds itself only with pure water 
and prevents intimate contact with air-saturated water), and (b) extreme 
sensitiveness of the 



point to the change in pressure. 


2.2.2 Method in Use After 7954 

Since 1954 only one fixed point has been in use, viz., the triple point of water, 
the state at which ice, liquid water and water vapour coexist in equilibrium. The 
temperature at which this state exists is arbitrarily assigned the value of 273.16 

degrees Kelvin, or 273* 

explained later). Designating the triple point of water by and with being 
the value of the thermometric property when the body, whose temperature S is 
to be measured, is placed in contact with water at its triple point, it follows that 









s name 




e, = aXi 

e. 




273.16 

X, 


Therefore 


e=aX 


273*16 


X 


or 


e= 273 



X 


( 2 . 5 ) 


The temperature of the triple point of water, which is an 
state, is now 





2.3 Comparison of Thermometers 

Applying the above principle to the five thermometers 
temperatures are given as 



in table 2, 



r : iitl;- ; 
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(a) Constant volume gas thermometer 

e(P)-~ 

= 273.16-2. 

Pt 

(b) Constant pressure gas thermometer 

e(P)- 

y 

= 273.16— 

y. 

(c) Electric resistance thermometer 

e(,R)- 

= 273.16— 

(d) Thermocouple 

e(e)- 

= 273.16— 

(e) Liquid'imglass thermometer 

m- 

= 273.16— 

L 

h 

If the temperature of a given system is measured simultaneously with each 


of the five thermometers, it is,found that there is constderahle difference among 
the readings. The smallest variation is» however, observed among different gas 
thermometers. That is why a gas is chosen as the standard thermometric sub¬ 
stance. 


2.4 Ideal Gas 


It has been established from experimental observations that the p - v - T 
behaviour of gases at a low pressure is closely given by the following relation 




where R is the universal gas constant, 8.3143 J/mol K and ^ is the molar 
specific volume, m^/gmol. (see Sec. 10 J,), Dividing Eq, (2.6) by the molecular 
weight fit 


pv^RT (2.7) 

where v is specific volume, in m^/kg, and R is the characteristic gas constant. 
Substituting R= R/p J/kg K, we get in terms of the total volume V of gas, 


py = nRT 


PV^mRT (2,8) 

where n is the number of moles and m is the mass of the gas. Equation (2,8) can 
be written for two states of the gas. 




Equation (2,6), (2,7) or (2.8) is called the ideai gas equation of state. At very 
low pressure or density, all gases and vapour approach ideal gas behaviour. 
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2^ Gas Thermometers 

A schematic diagram of a constant volume gas therm ometer is given in Fig* 2 J * 
A small amount of gas is enclosed in bulb B which is in communication via the 
capillary tube C with one limb of the mercury manometer M. The other limb of 
the mercury manometer is open to the atmosphere and can be moved vertically 
to adjust the mercury levels so that the mercury just touches lip L of the 
capillary. The pressure in the bulb is used as a thermometric property and is 
given by 

P^Po^ Pm 

where is the atmospheric pressure and is the density of mercury. 


Po 



Fig. 2,1 Cmtsiant ooiumegas ihimomkr 

When the bulb is brought in contact with the system whose temperature is to 
be measured, the bulb, in course of time, comes in thermal equilibrium with the 
system. The gas in the bulb expands, on being heated, pushing the mercury 
downward. The flexible limb of the manometer is then adjusted so that the 
mercury again touches the lip The difTerence in mercury level Z is recorded 
and the pressure p of the gas in the bulb is estimated. Since the volume of the 
trapped gas is constant, from the ideal gas equation, 

( 2 . 10 ) 

i.e. the temperature increase is proportional to the pressure increase, 

III a constant pressure gas thermometer, the mercury levels have to be 
adj usled to keep Z constant, and the volume o f gas which would vary with 
the temperature of the system, becomes the thermometric property. 

AT=-^AV ( 2 . 11 ) 

R 


I 
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i*e. the temperature increase is proportional to the observed volume increase. 


The constant 



thermometer is, however, mostly in use 


simpler in construction and easier to operate 


2*6 Meal Gas Temperature 

Let us suppose that the bulb of a constant volume gas thermometer contains an 
amount of gas such that when the bulb is surrounded by water at its triple point, 
' ^ 1 Keeping the volume V constant, let the following 


the pressurept is 1000 " ' " - . i 

procedure be conducted: 

(a) Surround the bulb with steam condensing at 1 atm, determine the gas 


pressure p and calculate 


e= 273.16 


1000 


(b) Remove some gas from the bulb so that when it is surrounded by water 
at its triple point* the pressure is 500 mm Hg - Determine the new values of p 
and then 6 for steam condensing at 1 atm. 


0=273.16 


P 

500 


(c) Continue reducing the amount of gas in the bulb so that p^ and p have 


smaller and smaller values, e.g., p, having, say, 250 mm Hg* 
so on. At each value of calculate the corresponding 0. 


mm 


(d) Plot 0vs.p| and extrapolate the curve to the axis wherep^ -0. Read from 


the graph 


lim $ 


The graph, as shown in Fig. 2,2, indicates that although the readings of a 
constant volume gas thermometer depend upon the nature of the gas, ali gases 

indicate the same temperature as Pj is lowered and made to approach zero. 

A similar series of tests may be conducted with a constant pressure gas 
thermometer. The constant pressure may first be taken to be 1000 mg Hg, then 

500 mm Hg, etc, and at each value of p, the volumes of gas V and V^ may be 

recorded when the bulb is surrounded by steam condensing at I atm and the 
triple point of water, respectively. The corresponding value of 0 may be calcu¬ 
lated firom 


0^273,16 


V 

K 


and 0 vs. p may be plotted, similar to Fig, 2,2. It is found from the experiments 
that all gases indicate the same value of 0 as p approach zero. 

Since a real gas, as used in the bulb, behaves as an ideal gas as pressure 
^roaches zero (whic h would be explained later in Chapter 10), the ideal gas 

temperature T is defined by either of the two equations 


1 
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Fig* 2*2 Ideal gas tempirature for steam point 


r = 273.16 lim-^ 

A 


Pt~*0 

= 273.16 lira 






where 0 has been replaced by T to denote this particular temperature scale, the 
ideal gas temperatttre scale. 


2.7 Celsius Temperature Scale 

The Celsius temperature scale employs a degree of the same magnitude as that 
of the ideal gas scale, but its zero point is shined, so that the Celsius temperature 
of the triple point of water is 0.01 degree Celsius or 0.01*C. If t denotes the 

Celsius temperature, then 

^= 7 - 273 . 15 '^ 

Thus the Celsius temperatiue at which steam condenses at 1 atm. pressure 

= 273 . 15 '^ 

= 373 . 15 - 273.15 
- lOO^OOX 

Similar measurements for ice points show this temperance on the Celsius 
scale to be 0,00*C. The only Celsius temperature which is fixed by definition is 
that of the triple point. 

2.8 Electrical Resistance Thermometer 


In the resistance thermometer (Fig. 2.3) the change in resistance of a metal wire 
due to its change in temperature is the thermometric property. The wire, fre- 
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quently platinum, may be incorporated in a Wheatstone bridge circuit. The plati* 
num resistance thermometer measures temperature to a high degree of accu¬ 
racy and sensitivity, which makes it suitable as a standard for the calibration of 
other thermometers. 

In a restricted range, the following quadratic equation is often used 

R = R(^l + At + Bf^) 

where Rq is the resistance of the platinum wire when it is surrounded by melting 
ice and A and B are constants. 



2*9 Thermocouple 

A thermocouple circuit made up from joining two wires A and B made of 
dissimilar metals is shown in Fig. 2.4. Due to the Seeback effect, a net e.m.f. fs 
generated in the circuit which depends on the difference in temperature between 
the hot and cold junctions and is, therefore, a thermometric property of the 
circuit. This e.m.f. can be measured by a micro voltmeter to a high degree of 


Wfcre^ 
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accuracy. 




largely on tiie femperaiure range to be 

and pktinum^platmum- 



investigated, and copper-con stantan, chromel 
rhodium are typical combinations in use. 

A thermocouple is calibrated by measuring the thermal e.m.f. at various 
known temperatures, the reference junction being kept at 0®C. The results of 
such measurements on most thermocouples can usually be represented by a 
cubic equation of the form 

£ = a + bf + dt^ 


where e is the thermal e.m.f. 


each thermocouple. 



the constants a, b, c md d art different for 



It comes to 



the system, whose temperature is to be measured, quite rapidly, because 
mass is small 



2.10 International Practical Temperature Scale 


An international temperature scale was adopted at the Seventh General 

Conference on Weights and Measures held in 1927. It was not to replace the 
Celsius or ideal gas scales, but to provide a scale that could be easily and mpidly 

used to calibrate scientific and industrial instruments. Slight refinements were 

incorporated into the scale in revisions adopted in 194^, 1954, I960 and 1968. 

The international practical scale 



with the Celsius scale at the defining 
fixed points listed in Table 2.2. The temperature interval from the oxygen point 

to the gold point is divided into thr^ main parts, as given below. 


Table 2.2 




Normal boiling point of oxygen 

-182,9? 

Triple point of water (standard) 

+ 0.01 

Normal boiling point of water 

100.00 

Normal boiling point of sulphur 

444.60 

(Normal melting point of zine-suggested 
as an alternative to the sulphur point) 

419.50 

Normal melting point of antimony 

630JO 

Normal melting point of silver 

960.80 

Normal melting point of gold 

1063.00 









(a) rtom 0 to §60“C 

whose diameter must lie between 0.05 and 0.20 mm is used, and the 
ture is given by die equation 

R = Ro(\ +At + Bi^) 

where the constants and B are 

point, steam point, and sulphur point. 


wire 




by measurements at the ice 
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(b) 



190 to 0°C The same ptatiDum resistance (hennometer is 





a 


and the temperature is given by 

R^R^i + At + C(t- 100) 

where Rq, A and 5 are the same as before, and C is 
measurement at the oxygen point. 

(c) From to 1063*C A thermocouple, one wire of which is made of 
platinum and the other of an alloy of 90% platinum and 10% rhodium, is used 

with one junction at O'^C. The temperature is given by the formula 

E = a-^ 

where a, and c are computed from measurements at the antimony point 
silver point, and gold point. The diameter of each wire of the thermocouple 
must lie between 0J5 to 0.65 mm. 

An optical method is adopted for 


1 





convenient 



with the intensity of radiation of the same wavelength emitted by a black body at 
the gold point The temperature is then determined with the help of Planck’s law 
of thermal radiation. 


Solved Examples 


Example 2,1 Two mercury-in-glass thermometers arc made of identical 


materials and are accurately calibrated at 0°C and 

white the other has a tube of 




constant 


greater in diameter at 




°C than at 0®C. Both 



C. One has a tube of 

, ten per cent 
have the 



between 0 and 100 subdivided unifonnty. What will be the straight 



thermometer read in a place where the conical bore thermometer r 
Solution The volume of mercury in the tube at P;, is given by 



50X? 




t 




where is the volume of mercury at 0“C, p is the coeflicient of volume 
expansion of mercury, and is the ice point temperature which is The 
volume change of glass is neglected. 


There fore 


y,- y^ 





yot 


The temperature t is thus a 




of volume change of mercury 


Therefore 




O'] 00 









C^-50 


AKo_ 


50 




O-lOO 


^f^o-50 

1 
2 


i.e., the 50*^C, the volume of mercury will be half of that at 100"C, for the 

straight bore thermometer (Fig. Ex. 2.1a). 
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But if the bore is conical (Fig. Ex. 2.1b), mercury will fill up the volume 
ACDB, which is less than half of the mercury volume at lOO^C, i.e,, volume 
AEFB. Let t be the tme temperature when mercury rises half the length of the 

conical tube (the apparent temperature being 50“C), Let EA and FB be extended 

to meet at C. Let / represent the length of the thermometers and f the vertical 
height of the cone ABG^ as shown in the figure. Now^ 
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= Fy/J-100 

AFo_, _ 
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47.7‘’C 
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Example 2^ The e.mT. in a thermocouple with the test junction at on 
thermometer scale and reference junction at ice point h given by 



e 


0.20/-5 X 


The millivoltmeter is calibrated ac ice and steam points. What will this 
thermometer read in a place where the gas thermometer reads SO^C? 

Solution At ice point, when t = ^ = 0 mV 

At steam point, when t = 100°C, e = 0.20 x 100 - 5 x 10"^ x (100)^ 

= 15 mV 

Atf=50X, £=0.20 X 50-5 x IQ-^ (50)^ = 8J5 mV 

When the gas thermometer reads 50^C, the thermocouple will read 



X 8.75, or 58.33^C 


Ans. 



2.1 What is the zeroth law of thermodynamics? 

22 Define themiomctric property. 

2J What is a thermometer? 

14 What is a fixed point? 

15 How many fixed points were used prior to 1954? What are these? 

2.6 What is the standard fixed point in thermometery? Define it. 

2.7 Why is a gas chosen as the standard thermomethe substance? 

18 What is an ideal gas? 

19 What is the difference between the universal gas constant and a chamctcdstic 

gas constant? 

2.10 What is a constant volume gas thermometer? Why is it preferred to a constant 

pressure gas thermometer? 

Ill What do you understand by the ideal gas tempemture scale? 

2.12 How cat! the ideal gas temperature for the steam point be measured? 

113 What is the Celsius temperature scale? 

2.14 What is the advantage of a thermocouple in temperature measurement? 

215 How does the resistance thermometer measure temperature? 

116 What is the need of the international practical temperature scale? 

Problems _ 

11 The I imiting value of the ratio of the pressure of gas at the steam point and at 
the triple point of water w^hen the gas is kept at constant volume is found to be 

1.36605. What is the ideal gas temperature of the steam point? 

22 In a constant volume gas thermometer the following pairs of pressures read¬ 
ings were taken at the boiling point of water and the boiling point of sulphur, 

respective! yt 

Water b.p. 50.0 100 200 300 

Sulphur b.p. 96.4 193 387 582 
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The numbers are the gas pressures, mm Hg, each pair being taken with the 
same amount of gas in the therTOometer, but the successive 
with different amounts of gas in the thermometer. Plot the ratio of ^ : H20t( ^ 
against the reading at the water boiling point, and extrapolate the plot to zero 

pressure at the water boiling point This gives the ratio of St, p; H 20 ^^ p 
gas thermomeler operating at zero gas pressure, ],e., an i 

What is the boiling point of sulphur on the gas scale, liom your plot? 

Atts. 445“C 

Z3 The resistance of a platinum wire is found to be 11,000 ohms at the ice point, 
15.247 ohms at the steam point, and 2S.&S7 ohms at the sulphur point. Find the 
constants A and B in the equation 

R^R^\^At^B^) 


and plot R against r in the range 0 to 660 °Ch 

2.4 When the reference junction of a thermocouple is kept at the ice point and the 
test Junction is the Celsius temperature r, and e.m.f £ of the thermocouple is 
given by the equation 

f - a/ + 


where a = 0.20 mV/deg* and ft - - 50 x lOr^ mV/deg^ 


(a) Compute the e.m. f 



/ 



C, 200X, 400°C, and 500°C, and draw 


graph of c against t in this range. 


(b) Suppose the e.m.f. e is taken as a thermometric properly and that a 

temperature scale t* is defined by the linear equation. 

t*=d 


and that r* “ 0 at the ice point and t* ■ 1 (M) at the steam point. Find the 

numerical values of a* and b* and draw a graph of E against t*. 

(c) Findthevalues oft* when/= -100°C,200“C, 400“C, and 500“C, and draw 
a graph of t* against /. 

(d) Compare the Celsius scale with the t* scale. 

2.5 The temperature t on a thermometrie scale is defined in terms of a property K 
by the relation 

/ - a In A' + 


where a iind b are constants. 

The values of A' are found to be 1.83 and 6.78 at the ice point and the steam 
point, the temperatures of which are assigned the numbers 0 and IDO 
respectively. Deterniine the temperature corresponding to a reading of K equal 
to 2.42 on the thermometer. 

/lnr.21.346X 

2.6 The resistance of the windings in a certain motor is found to be 80 ohms at 
room temperature (25‘’C). When operating at full load under steady state 
conditions, the motor is switched off and the resistance of the windings, 
immediately measured again, is found to be 93 ohms. The windings are made 
of copper whose resistance at temperature is given by 

R^=RQ[y+ 0.00393 /] 

where is the resistance at O^C. Find the temperature attained by the coil 


during full load. 


Ans. 70.4 IX 





A closed system and its surroundings can interact in two ways: (a) by work 
transfer, and (b) by heat transfer. These may be called energy interactions and 
these bring about changes in the properties of the system. Thermodynamics 
mainly studies these energy interactions and the associated property changes of 
the system. 

3,1 Work Transfer 

Work is one of the basic modes of energy transfer. In mechanics the action of a 

force on a moving body is identified as work, A force is a means of transmitting 

an effect from one body to another. But a force itself never produces a physical 
effect except when coupled with motion and hence it is not a form of energy. An 
effect such as the raising of a weight through a certain distance can be performed 
by using a small force through a large distance or a large force through a small 
distance. The product of force and distance is the same to accomplish the same 
effect. In mechanics woiic is defined as: 

The work is done by a force as it acts upon a body moving in the direction of 

the force. 

The action of a force through a distance (or of a torque through an angle) 
is called mechanicai work since other forms of work can be identified, as 
discussed later. The product of the force and the distance moved parallel to the 
force is the magnitude of mechanical work. 

In thermodynamics, work transfer is considered as occurring between the 
system and the surroundings. tVork is said to be done by a system if the sole 
effect on things external to the system can be reduced to the raising of a weigh l. 
The weight may not actually be raised, but the net effect external to the system 
would be the raising of a weight. Let us consider the battery and the motor in 
Fig, 3,1 as a system. The motor is driving a fan. The system is doing work upon 



the surroundings. When the fan is replaced by a pulley and a weight, as shown 
in Fig. 3.2, the weight may be raised with the pulley driven by the motor. The 
sole effect on things external to the system is then the raising of a weight. 




w 


Sumxindings 


System boundary 


Fig* Batterysystem dminga fan 


\ 



V 


Pulley 



System boundary 


ruB' 


t 




Weight 


Fig. 3.2 Work traji^iT^om a system 


When work is done by a system, it is arbitrarily taken to be positive, and 
when work is done on a system, it is taken to be negative (Fig. 3.3.), The symbol 
W is used for work transfer. 



Surroundings Su rroundirvgs 

(a) W Is bositlve (b) W Is negativo 

Fig. 3 J Work interaction between a system ajid the surroundings 

The unit of work is N.m or Joule [1 Nm = I Joule]. The rate at which work is 
done by, or upon, the system is known as power. The unit of power ls J/ s or watt. 
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Work IS one of the forms in which a system and its surroundings can interact 
with each other. There are various types of work transfer which can get involved 

between them. 



Let the gas in the cylinder (Fig. 3.4) be a system having initially the pressure 

and volume . The system is in thermodynamic equilibrium, the state of which 

is described by the coordinates Vy. The piston is the only boundary which 
moves due to gas pressure. Let the pis¬ 
ton move out to a new final position 2, 
which is also a thermodynamic equi¬ 
librium state specified by pressure p 2 
and volume ^ 2 , At any intermediate 
point in the travel of the piston, let the 

pressure be p and the volume K This 
must also be an equilibrium state, 
since macroscopic properties p and V 

are significant only for equilibrium states. When the piston moves an 
infinitestimai distance d/, and if 'a* be the area of the piston, the force F acting 

on the piston F = pM. and the infinitesimal amount of work done by the gas on 
the piston 

<i}V^Fdi=padt = pdV (3J) 

where dV = adi - infinitesimal displacement volume. The differential sign in 
dW with the line drawn at the top of it will be explained later. 

When the piston moves out from position 1 to position 2 with the volume 
changing from to F 2 , the amount of work fF done by the system will be 


Gas system 
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Fig, 3,4 pdV work 


The magnitude of the work done is 
given by the area under the path 1-2, 
as shown in Fig, 3,5. Since p Is at all 
times a thermodynamic coordinate, all 
the states passed through by the sys¬ 
tem as the volume changes from Vi to 
Vi must be equilibrium states, and the 
path 1 -2 m u st be quasi-static. The pis¬ 
ton moves infinitely slowly so that 



Fig, 3.5 (^asi-statie pd V work 


every state passed through is an equilibrium state, 
be perform ed only on a quasi-static path. 
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3^,1 Path Fun^tm and Point Fun€twn 

With reference to Fig* 3*6, it is possible to take a system from state 1 to state 2 
along many quasi-static paths, such as .4, J? or C Since the area under each * 

curve represents the work for each process, the amount of woik involved in 

each case is not i function of the end states of the process, and it depends on the 

path the system follows in going from state 1 to state 2. For this reason, work is 

called a path /uncfionj and d W is an inexact or imperfect differentiaL 


a 



V. 




V 


Fig, 3,6 W^rk-a p€tth function 

Thermodynamic properties arc point junctions, since for a given state, there 

is a definite value for each property. The change in a thermodynamic property 
of a system in a change of state is independent of the path the system follows 
during the change of state, and depends only on the initial and final states of the 
system. The differentials of point functions are exact or perfect differentials, 
and the integration is simply 





dr- 




V. 


1 


y\ 


The change in volume thus depends only on the end states of the system 
irrespective of the path the system follows. 

On the other hand, work done in a quasi-static process between two given 
states depends on the path followed* 
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From Eq. (3.1), 

df'=—dfT (3.2) 

P 

Here, \fp is called the integrating factor, Therefore, an inexact differential 
d W when multiplied by an integrating factor 1/p becomes an exact differential 

For a cyclic process, the initial and final states of the system are the same, 
and hence, the change in any property is zero, i.e. 

^ dK=0, ^ (^P = 0.^ dr=0 (3.3) 

where the symbol I denotes the cyclic integral for the closed path. Therefore, 

the cyclic in tegrai of a property is a! ways zero. 
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(d) Process in which pV^ = where n is a constant (Fig, 3*10), 

pV^=p, V^-p^V^ = C 






pV^C 

(Quasistetic) 
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P{^\ P2^2 . 
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n - 1/n “ 
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P\ } 





1 

n = 0 



(3.7) 
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(Ouasistatlc) 
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Fig* 3*9 Preceis in which pV — constant Fig* 3*10 Process in which pV^ — constant 



Indicator Diagram 


i I 


L 


An indicator diagram is a trace made by a recording pressure gauge* called the 
indicator* attached to the cylinder of a reciprocating engine. This represents the 
wodc done in one engine cycle* Figure 3. H shows a typical engine indicator* 
The same gas pressure acts on both the engine piston P and the indicator 
piston L The indicator piston is loaded by a spring and it moves in direct 
proportion to the change in pressure. The motion of the indicator piston causes 
a pencil held at the end of the linkage L to move upon a strip of paper wrapped 
around drum D* The drum is rotated about its axis by cord C* which is 
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Crank 


□DC 


Piston rod 


^ Stroke 


Fig> 3*11 Engine indicator 


connected through a reducing motion R to the piston P of the engine. The 
' surface of drum D moves horizontally under the pencil while the pencil moves 

vertically over the surface and a plot of prcssure upon the piston vs. piston travel 
is obtained. 

Before tracing the final indicator diagram, a pressure reference line is 
recorded by subjecting the indicator to the atmosphere and tracing a line at a 
constant pressure of one atmosphere. 

The area of the indicator diagram represents the magnitude of the net work 
done by the system in one engine cycle. The area under the path 1-2 represents 
work done by the system and the area under the path 2-1 represents work done 
upon the system (Fig. 3.12). The area of the diagram, is measured by means 
of a planimeter, and the length of the diagram, is also measured. The mean ^ 
effective pressure (m.e.p.) is defined in the following way 

where K is the indicator spring constant (N/cm^ x cm travel). Work done in one 

engine cycle 
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Fig. 3*12 Indicator diagram 
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= iP^-A)L 

where A = cross-sectional area of the cylinder 


— where D is the cylbder diameter 

4 


and L = stroke of piston, or length of cylinder. 


Lei^be the revolutions per minute (r-p.mj of the crankshaft- In a two stroke 
cycle, the engine cycle is completed in two strokes of the piston or in one 
revolution of the crankshaft. In a foux-stroke cycle, the engine cycle is 
completed in four strokes of the piston or two revolutions of the crankshaft. 

For a two-stroke engine, work done in one minute - ALN^ and for a four- 
stroke engine, work done in one minute = ALNI2. 

The power developed inside the cylinder of the engine is called indicated 
power (IP), 



where is in kPa and n is the number of cylinders in the engine* 

The power available at the crankshaft is always less than this value (IP) due 
to fiiction, etc. and is called the brake power (BP) or shaft power (SP)* If £U is 

the angular velocity of the crankshaft in radian/sec, then 

BP=rfi> (3.9) 

where T b the torque transmitted to the crankshaft in mN. 


InTN 



where N is the number of revolutions per minute (rpm)* 

The mechanical efficiency of the engine, is defined as 





An engine is said to be double-acting, if the working fluid is made to work on 
both sides of tlie piston* Such an engine theoretically develops twice the amount 
of work developed in a single-acting engine* Most reciprocating steam engines 
are double-acting, and so are many marine diesel engines* Internal combustion 
engines for road transport arc always single-acting* 


3<4 Other Types of Work Transfer 

There are forms of work other than pdV or displacement w'ork* The following 
are the additional types of work transfer which may get involved in system- 
surroundings interactions. 

(a) Electrical Work When a cunent flows through a resistor (Fig. 3.13), 
taken as a system, there is work transfer into the system* This is because the 
current can drive a motor, the motor can drive a pulley and the pulley^ can raise 

a weight. 
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^-System boundary 

Fig, 3,13 EUdrical work 


The current flow, /, in amperes, is given by 


7 = .^ 

dr 

where C is the charge in coulombs and i is time in seconds. Thus dC is the 
charge crossing a boundary during time dr. If E is the voltage potential, the 
work is 


<tFF = £dC 
= £/dr 


2 

H'=J Eldx 

I 

The electrical power will be 

fV=^ Urn — =£/ 

dr-tO dt 

This is the rate at which work is transferred. 


(3.12) 



{b) Shaft Work When a shaft, taken as the system (Fig, 3.14), is rotated by a 
motor, there is work transfer into the system* This is because the shaft can rotate 
a pulley which can raise a weight. If 7 is the torque applied to the shaft and dd is 

the angular displacement of the shaft, the shaft work is 

2 

fr=j Tde ( 3 . 14 ) 

1 

and the shaft power is 

r = 

where O) is the angular velocity and T is considered a constant in this case* 



System boundary 
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Fig, 3,14 Shaft work 



the paddle wheel turns (Fig* 3.15), there is work transfer into the fluid system 


U rhf-b-: r r qc htl ich m 


ofiutztcs Materiel 






















Basic and Applied Thermodynamics 



which gets stirred. Since the volume of the system remains constant, J /;dF^= 0* 

If m is the mass of the weight lowered through a distance dz and T is the torque 
transmitted by the shaft in rotating through an angle dB, the differential work 
transfer to the fluid is given by 

dlT— mgdz = rd0 

and the total work transfer is 

2 2 2 

tv=j mgdz = j Jr'<k=j me ( 3 . 15 ) 

I 1 1 

where fV' is the weight lowered. 



Fig. 3*15 Paddie-wheei work 


(d) Flow Work The flow work, significant only in a flow process or an open 
system, represents the energy transferred across the system boundary as a 
result of the energy imparted to the fluid by a pump, blower or compressor to 
make the fluid flow across the control volume. Flow work is analogous to 
displacement work. Let p be the fluid pressure in the plane of the imaginary 
piston, which acts in a direction normal to it (Fig. 3.16). The work done on this 
’ imaginary piston by the external pressure as the piston moves forward is given 

by 


aw 


now 


pdK 


mi 
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Fig* 3*16 Flow work 
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where df^is the volume of fluid clement about to enter the system. 



flow 



(3.17) 


where d v dm 


Therefore, flow work at inlet (Fig. 3.16), 



) 


ow/m 


P}^i 



1 


(3.18) 



Equation (3.18) can also be derived in a slightly different manlier. If the 

pressure pj is exerted against the area giving a total force (py Ay) 
against the piston, in time dt, this force moves a distance Vjdr, where Vj is the 
velocity of flow (piston). The work in time dr isp^ j V^dr, or the work per unit 
time is Pi .*4 1 V|. Since the flow rate 


w 


i 


the work done in time dr becomes 


dm 


i 


dr 




m 


Pi 



1 


Similarly, flow work of the fluid element leaving the system is 

(tf f^O(.*)oiit fz dmz 

The flow work per unit mass U thus 

IVf^^-pv 

It is the displacement work 


(3.19) 


( 3 . 20 ) 



at the moving system boundary 



Work Don e in 



Let us consider a wire as the system. 
If the length of the wire in which there is a tension 7 is changed from L to 
L + dL, the infinitesimal amount of work that is done is equal to 




7d£ 


The minus sign is used because a positive value of d£ means an expansion of 
the wire, for which work must be done on the wire, i.e,, negative work. For a 
finite change of length. 


2 


w 


J 7dL 


(3.21) 


I 


If we limit the problem to within the elastic limit, where E is the modulus of 


elasticity, s is the stress, £ is the strain, and .4 is the cross-sectional area, then 


= sA = EeA, since 


s 

£ 


E 


de 


L 


dW 


5di 


EeAL d£ 





2 

W = - A£L J £ d£=- 

1 

(f) Work Done in Changing the Area of a Surface Film A film on the 
surface of a liquid has a surface tension, which is a property of the liquid and the 
surroundings. The surface tension acts to make the surface area of the liquid a 

minimum. It has the unit of force per unit length. The work done on a 

homogeneous liquid film in changing its surface area by an infinitesimal amount 

dA is 

d W = -<jdA 

where tr is the surface tension (N/m). 

2 

= aiA (3.23) 

I 


[g] Magnetization of a Paramagnetic Solid The work done per unit volume 
on a magnetic material through which the magnelic and magnetization fields are 
uniform is 





and 

h 

»'i-2 \ Hd} 

(3.24) 
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Magnetised solid FF = - J H 61 

I 

It may be noted in the above express ions that the work is equal to the integral 
of the product of an intensive property and the change in its related extensive 
property. These expressions are valid only for infinitesimally slow quasi-static 
processes. 

There are some other forms of work which can be identified in processes that 
are not quasi-static, for example, the work done by shearing forces in a process 
involving friction in a viscous fluid. 



Free 







Work transfer is identified only at the boundaries of a system. It is a boundary 
phenomenon, and a form of energy in transit crossing the boundary. Let us 
consider a gas separated from the vacuum by a parti don (Fig. 3.17). Let the 
partition be removed. The gas rushes to fill the entire volume. The expansion of 
a gas against vacuum is called/ree expansion. If we neglect the work associated 
with the removal of partition, and consider the gas and vacuum together as our 
system (Fig. 3.17a), there is no work transfer involved here, since no work 
crosses the system boundary, and hence 


2 2 

J d FF = 0, although J pdV^O 

I 1 


If only the gas is taken as the system (Fig. 3.17), when the partition is 
removed there is a change in the volume of the gas, and one is tempted to 


2 

calculate the work from the expression J p6V. However, this is not a quasi static 

I 

process, although the initial and final end states are in equilibrium. Therefore, 


the work cannot be calculated from this relation. The two end slates can be 




the p-V 



and these are Joined by a dotted line 


(Fig. 3.17c) to indicate that the process had occurred. However, if the vacuum 

space is divided into a large number of small volumes by partitions and the 
partitions are removed one by one slowly (Fig. 3.17d), then every state passed 
through by the system is an equilibrium state and the work done can then be 


1 

estimated from the relation J pdF^ (Fig, 3.17e), Yet, in free expansion of a gas, 

1 

there is no resistance to the fiuid at the system boundary as the volume of the 
gas increases to fill up the vacuum space. Work is done by a system to 
overcome some resistance. Since vacuum does not offer any resistance, there 
is no woric transfer involved in free expansion. 
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Fig. 3.17 Fr« ^^mim 



3.6 Net Work Done by a System 


Often difFerent forms of a woric transfer occur simultaneously during a process 
executed by a system. When all these work interactions have been evaluated^ 
the total or net work done by the system would be equal to the algebraic sum of 
these as given below 


W, 




W. 


di^placcmci 




shear 


+ w. 


ckctrical ^ ^stintng ^ 


3.7 Heat 



Heat is defined as the form of energy that is transferred across a botmdary by 
virtue of a temperature difference. The temperature difference is the ‘potentiar 
or 'force' and heat transfer is the 'flux'. 

The transfer of heat between two bodies in direct contact is called cortduc* 
tion. Heat may be transferred between two bodies separated by empty space or 
gases by the mechanism of radiation through electromagnetic waves. A third 
method of heat transfer is convection which refers to the transfer of heat be¬ 
tween a wall and a fluid system in motion. 

The direction of heat transfer is taken from the high temperature system to 
the low temperature system. Heat ffow into a ^stem is taken to be positive, and 
heat flow out of a system is taken as negative ffig, 3.13). The symbol Q is used 
for heat transfer, i.e., the quantity of heat transferred within a certain time. 

Heat is a form of energy in transit (like work transfer). It is a boundary 
phenomenon, since it occurs only at the boundary of a syste 
by virtue of temperature difference only is cal led heat transfer, 
interactions may be termed as work transfer. 
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Q. 
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Ouasi-Static 



Area = Work transfer 


2 


W^^z- Pdv 


1 



(a) 


(b) 


Fig* 3, ] 9 Representation of work tranter and heat tra n^er m quasi-static 

processes on p-v and T-x coordinates 

Just like displacement work, the beat transfer can also be written as the integral 
of the product of the intensive property T and the differential change of an 
extensive property, say X (Fig.3.19b). 
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f &Q 
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(326) 
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It must also be valid for a quasi-static process only, and the heat transfer 

involved is represented by the area under the path 1-2 in T-X plot (Fig. 3.19b). 
Heat transfer is, therefore, a path function, i*e., the amount of heat transferred 
when a system changes from a state 1 to a state 2 depends on the path the system 
follows (Fig. 3.19b). Therefore, d0 is an inexact differential. Now, 

6Q = TdX 

where Xis an extensive property and dZ is an exact differential. 


% h 


dX= —6Q 

T 


(3.27) 


To make d Q integrable, i.e., an exact differential, it must be multiplied by an 
integrating factor which is, in this case, l/f. The extensive property X is yet to 
be defined. It has been introduced in Chapter 7 and it is called ^ entropy \ 


3*9 Specific Heat and Latent Heat 

The specific heat of a substance is defined as the amount of heat requ ired to 
raise a unit mass of the substance through a unit rise in temperature. The symbol 
c will be used for specific heat. 

c = —^-J/kgK 

m-At 

r. -Niik-r* ^ . Ti 





























Work and Heat Tranter 


53 


where Q is the amount of heat transfer {J)^ m, the mass of the substance (kg), 

and Ar, the rise in temperature (K). 

Since heat is not a property, as explained later, so the specific heat is qualified 
with the process through which exchange of heat is made. For gases, if the 

process is at constant pressure, it is and if the process is at constant volume, 
it isc^. For solids and liquids, however, the specific heat does not depend on the 
process. An elegant manner of defining specific heats, and in terms of 
properties is given in Secs 4.5 and 4.6. 

The product of mass and specific heat (me) is called the heat capacit)^ of the 
substance, The capital letter C, Cp or is used for heat capacity. 

The latent heat i s the amount of heat transfer required to cause a phase change 
in unit mass o f a substance a t a constant pressure and ten^ratiire. There are 
three phases in which matter can exist: solid, liquid, and vapour or gas. The 
latent heat of fitsion (/fj is the amount of heat transferred to melt unit mass of 
solid into liquid, or to freeze unit mass of liquid to solid. The iatent heat of 
vaporization i s the quantity of heat required to vapori ze un it mass of I i quid 

into vapour, or condense unit mass of vapour into liquid. The iatent heat of 
sublimation (/^) is the amount of heat transferred to convert unit mass of solid 
to vapour or vice versa. is not much affected by pressure, whereas is 
highly sensitive to pressure. 

3,10 Points to Rememb er Reg^ding Heat 

Transfer and Work Transfer 


(a) Heat transfer and work transfer are the energy interactions. A closed 
system and its surroundings can interact in two ways; by heat transfer 
and by work transfer. Thermodynamics studies how these interactions 


bring about property changes in a system. 


(b) The same effect in a 



system can 


brought about either by heat 


transfer or by work transfer. Whether heat transfer or work transfer has 
taken place depends on what constitutes the system. 

(c) Both heat transfer and work transfer are boundary phenomena. Both are 

observed at the boundaries of the system, and both represent energy 
crossing the boundaries of the system. 

(d) It is wrong to say ‘total heat" or ‘heat content' of a dosed system, 

because heat or work is not a property of the system, Heat, 1 i ke work, 

cannot be stored by the system. Both heat and work are the energy in 
transit. 


(e) Heat transfer is the energy interaction due to temperature difference only. 
All other energy interactions may be termed as work transfer 

(f) Both heat and work are path functions and inexact differentials. The 
magnitude of heat transfer or work transfer depends upon the path the 
system follows during the change of state. 
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Solved Examples 


Example 3.1 Gas 



a bottle of compressed hcliiim is used to 







M 

folded con^letely flat to a voluine of 0,5 
1 ^, If the barometer reads 760 mm Hg, what is the amount of work done upon 
the atmosphere by the balloon? Sketch the system before and after the process. 

Solution The firm line Pj (Fig. Ex, 3,1) shows the boundary of the 
before the process, and the dotted line Pj shows the boundary after the process. 
The displacement work 



W 






+ 



pdV^pAV+0 


Balloon 


Boltio 


101,325 



m 


2 


X 0.5 m 


3 


50,66 kJ 


This is positive because work is done by the system. Work done by the 
atmosphere is -50,66 kJ, Since the wall of the bottle ts rigid, there is no p dF- 

work involved in iL 

It is assumed that the pressure in the balloon is atmospheric at all tlmeSp since 
the balloon fabric is light, inelastic and unstressed. If the balloon were elastic 
and stressed during the filling process, the work done by the gas would be 
greater than 50.66 kJ by an amount equal to the work done in stretchmg the 

although the displacement work done by the atmosphere is still 
- 50,66 y. However, if the system includes both the gas and the balloon, the 
displacement work would be 50,66 kJ, as estimated above. 
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Fig. Ex. 3.1 
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Example 3,2 When the value of the evacuated bottle (Fig, Ex. 3.2) is opened, 
atmospheric air rushes into it. If the atmospheric pressure is 101.325 kPa, and 
0.6 of air (measured at atmospheric conditions) enters into the bottle, 
calculate the work done by air 


vatve 



0.6 of atm air 


Inttial boundary 


Rrval bourxlary 


= 101.325 kPa 


Fig, Ex, 3,2 


Solution The disp Lacement work done by air 

»d= i p^y+ J /xif' 

BotUe 

boundary 

= 0 AF" 

= 101.325 kN/m^x 0.6 
= 60.8kJ 

Since the free-air boundary is contracting, the work done by the system is 
negative (A V being negative), and the suiroundings do positive work upon the 
system. 


Example 5 J A piston and cylinder machine containing a fluid system has a 
stirring device in the cylinder (Fig. Ex. 3.3). The piston is frictionless, and it is 
held down against the fluid due to the atmospheric pressure of 101,325 kPa, The 
stirring device is turned 10,000 revolutions with an average torque against the 
fluid of 1,275 mN, Meanwhile the piston of 0,6 m diameter moves out 
0,8 m. Find the net work transfer for the system. 
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p= 101.32 kPa 






Fig. Ex. 33 














































Solution Work done by the stirring device upon the system (Fig. Ex. 33), 

= In TN 

= 2jrx 1375x10,000 Nm 
= S0U 


This is negative work for the system. 

Work done by the system upon the surroundings 

W^ = {pA)^L 

= 101.325 ^ X — (0.6)^ x 0.80 m 

m 4 

= 22,9kJ 


This is positive work for the system. Hence, the net work transfer for 



system 


+ jr2 = -80 + 22J 


57J 



Example 3,4 The fol lowing data refer to a 12-cylinder, single-acting, two- 
stroke marine diesel engine: 

Speed 




-4 


Cylinder diameter—0.8 m 
Stroke of piston— 1.2 m 

Area of indicator diagram—5.5 x 10“^ m 

Length of diagram—0,06 m 


Spring value— 147 MPa per m 


Find the net rate of work transfer from the gas to the pistons in kW. 
Solution Mean effective pressure, is given by 



X spring constant 


_ 5.5 X 10~* 

0.06 
- 1.35 MPa 


xl47 


MPa 



One engine cycle is completed in two strokes of the piston or one revolution 
of the crank-shaft. 

/, Work done in one minute 

= p^LAN 

= 1.35 X —(0.8)^ X 1.2 X 150= 122 MJ 

4 

Since the engine is single-acting, and it has 12 cylinders, each contributing 
an equal power, the rate of work transfer from the gas to the piston is given by 

W=l22yl2MJ/min 
= 24,4 MJ/s 

- 24.4 MW = 24,400 kW Ans, 
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Ejcample 3,5 It is required to melt 5 tomies/h of iron from a 


IS^Cto 


molten metal at 1650^C. The melting point is 1535*^C, and the latent heat is 270 
kJ/kg. The speci tic heat in solid state b 0.502 and in liquid state (29.93/atomic 
wei^t) kJ/kg K. If an electric furnace has 70% etiiciency, find the kW rating 
needed. If the density in molten state is 6900 kg/m^ and the bath volume is three 
times the hourly melling rate, tind the dimensions of the cylindiical furnace if 
the length to diameter ratio is 2, The atomic weight of iron is 56. 

Solution Heat required to melt 1 kg of iron at 15®C to molten metal at 1650'^C 

= Heat required to raise the temperature from 15®C to 1535®C 
+ Latent 

1535^C to 1650^C 

= 0.502 (1535 - 15) -f 270 29,93 (1650 - 1535y56 
= 763 + 270 + 61,5 

,5 







rate-5 x 10 


3 



So, the rate of heat supply required 

= (5x lO^x 1094.5)ia/h 

Since the furnace has 70% eftic iency, the rating of the fiunace would be 

_ Rate of heat supply per second 


Furnace effcicncy 


5 X 10^ X 



.5 


0.7 X 3600 


217 X lO’kW 


Ans 


Volume needed = 


3x5x10^ 

6900 



If ^ b the diameter and / the length of the furnace 


— rf^/ = 218 m^ 

4 


or 

— d^x2d^ 

4 

= 218m^ 

W 

¥ ¥ 

and 

d- 

i-- 

= 1,15 m 

= 2,30 m 



Example 3.6 If it is desired to melt aluminium with solid state specific heat 
0,9 kJ/kgK, latent heat 390 kJ/kg, atomic weight 27, density tn molten slate 
2400 kg/m^ and final temperature 700'*C, find out how much metal can be 

melted per hour with the above kW rating. Other data are as in the above 

example. Also, find the mass of aluminium that the above fiimace will hold. The 

melting point of aluminium is 660^C. 

Solution Heat required per kg of aluminium 







5B 



mmus 


0,9 (660-15) +390+ ’ 


.5 + 390 + 443 


1014.8 kJ 


29,93 

27 





Heat to be supplied 


10148 

0,7 


1449.7 kJ/kg 


With the given power, the rate at which aEmninium ean be me Ited 


2.17 X tO^ X 

1449.7 

5 J 9 tonnes/h 



kg/h 



Mass of alumimum that can be held in the above furnace 

= 2.18x2400 kg 
= 5.23 tonnes 


Arts, 




3. L How can a closed system and is sunoundmgs interact? What is the effect of such 

interactions on the system? 

3.2 When is work said to be done by a system? 

3 J W^t arc positive and negative work interactions? 

3.4 What is displacement work? 


3.17 
3. 



2 


3.5 Under what conditions is the work done equal to J pdV7 



not a 



1 

3.6 What do you understand by path function and point function? What ate exact 

and inexact difTercntials? 

3.7 Show that work is a path 

3.8 What is an indicator diagram? 

3.9 What is mean effective pressure? How is it measureti? 

3.10 What are the indicated power and the brake power of an engine? 

3.11 How does the current fl owing through a resistor represent 

3.12 What do you understand by flow work? Is it different 

3.13 Why does &ee expansion have leto work transfer? 

3.14 What is heat transfer? What are its pc sitive and negaiive directions? 

3.15 What are adiabatic and diathermic walls? 

3.16 What is an integrating factor? 






heat is a 



not a 



3.19 Does heat transfer inevitably cause a 
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3.2 


3.4 


3.1 (a) Apump forces 1 mVmin of water horizontally from an open well to a dosed 

tank where the pressure is 0.9 MPa. Compute the work the pump must 
upon the w^ater in an hour just to force the water into the tank against the 

pressure. Sketch the system upon which the work is done before and after 



the process. 


(b) If the w'ork done as above upon the water had 



Ans. 13.31 kJ 
used solely to raise the 


same amount of water vertically against gravity without change of pressure, 

how' many meters won Id (he water have been elevated? 

(c) If the work done in (a) upon the water had been used solely to accelerate the 
water from zero velocity without change of pressure or elevation, what 
velocity would the water have reached? If the work had been used to 
accelerate the water from an initial velocity of 10 m/s, what would the final 


velocity have been? 


2 


moves downwards 75 mm, 


The piston of an oil engine, of area 0.0045 m 

drawing in 0.0002B m^ of fresh air from the atmosphere. The pressure in the 


cylinder is uniform during the process at 80 kPa, while the atmospheric pressure 
is 10K325 kPa, the differertce being due to the flow resistance in the induction 
pipe and the inlet valve. Estimate the displacement work done by the air finally 

in the cylinder. 

Am^ 27 J 


1 


3.3 An engine cylinder has a piston of area 0.12 m and contains gas at a pressure of 

1.5 MPa. The gas e;xpands according to a process which is represented by a 
straight line on a pressure-voliune diagram. The final pressure is 0,15 MPa. 
Calculate the work done by the gas on the piston if the stroke is 0,30 m, 

Arur. 29 J kJ. 

A mass of 1.5 kg of air is compressed in a quasi-static process from 0.1 MPa to 
0.7 MPa for whichpn = constant. The initial density of air is L16 kg/m^. Find the 


work done by the piston to compress the air. 


Ans. 251.62 y 


3.5 A mass of gas is compressed in a quasi-static process from 80 kPa, 0. L to 0,4 

volume are related by 



MPa, 0.03 m^ Assuming that the pressure 
pv^ - constant, find the work done by the gas system. 


Ans.-\\M\a 


3.6 A single-cylinder, double-acting, reciprocating w'ater pump has an indicator 
diagram which is a rectangle 0.075 m long and 0.05 m high. The indicator spring 
constant is 147 MPa per m. The pump runs at 50 rpm. The pump cylinder 
diameter is 0.15 m and the piston stroke is 0.20 m. Find the rate in kW at which 


the piston docs work on the water. 


Arts. 43.3 kW 


3.7 A single-cylinder, single-acting, 4 stroke engine of 0.15 m bore develops an 
indicated power of 4 kW when running at 216 rpm. Calculate the area of the 
indicator diagram that would be obtained with an indicator having a spring 
constant of 25 x 10'^N/m\ The length of the indicator diagram is 0.1 times the 


length of the stroke of the engine. 


Ans. 505 mm^ 


r chtli- h 


c,liui 


■ri 



3.8 A $iJt-cylinder. 4-stroke gasoline engine is ran ai a speed of2520 RPM* The area 


ts 


of tKe indicator card of one cylinder is 2.45 x 10^ fiun^ and its length is 
58.5 mm. The spring constant is 20 x 10^ The bore of the cylintkrs is 
140 mm and the piston stroke is 150 mm. Determine the indicated power, 

assuming that each cylinder contributes an equal power. 

Ans. 243.57 kW 

3.9 Ac loscd cylinder of 0.25 m diameter is fitted with a light friettooJess piston. The 

piston i s retained iti ^sition by a catch in the cylinder wal L and the volume on 
one side of the piston contains air at a ptessure of750 kN/m^. The volume on the 
other side of the piston is evacuated A helical spring is mounted coaxially with 
the cylinder in this evacoiled space to give a force of 120 N on the piston in this 
position. The catch is released and the piston travels along the cylinder until it 
comes to rest afier a stroke of 1.2 m. The piston is then held in its position of 
maximum travel by a ratchet mechanism. The spring force increases linearly with 
the piston displacement to a final value of 5 kN. Calculate the work done by the 


compressed air on the piston. 


3.07 kj 


3.10 A steam turbine drives a ship^s propeller through an S : 1 reduction gear. The 

average resisting torque imposed by the water on the propeller is 750 x 10^ N and 
the shaft power delivered by the turbine to the reduction gear is 15 MW. The 
turbine speed is 1450 rpm. Determine (a) the torque developed by the turbine, (b) 
the power delivered to the propeller shaft, and (c) the net rate of w'orking of the 
reduction gear. 

Ans. (a) r = 98.84 km N, (b) 14.235 MW, (c) 0.765 MW 
3.U A fluid, contained in a horutontal cylinder fitted with a frictionless leakproof 

piston, is continuously agitated by means of a stirrer passing through the cylinder 

cover. The cylinder diameter is 0.40 m. During the stirring process lasting 10 

minutes, the piston slowly moves out a distance of 0,485m against the 
atmosphere. The net work done by the fluid during the process is 2 kJ. The speed 
of the electric motor driving the stirrer is 840 rpm. Determine the torque in the 

shaft and the power output of the motor, 

Ans. 0.08 mN^ 6.92 W 

3.12 At the beginning of the compression stroke of a two-cylinder internal combus¬ 
tion engine the air is at a pressure of 101.325 kPa. Compression reduces the 
volume to 1/5 of its original volume, and the law of compression is given by 

pv^ ^ = constant. If the bore and stroke of each cy 1 indcr i s 0.15 m and 0.25 m, 

respectively, dcicnninc the power absorbed in kW by compression strokes when 
the engine speed is such that each cylinder undergoes 500 compression strokes 


per minute. 


3.13 Determine the total work done by 

as shown in Fig. P. 3.13. 



Ans. 17,95 kW 
system following an expansion process 


Ans. 2952 MJ 
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Fig. P. 3.13 
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3.14 A system of volume V contains a mass m of gas at pressure p and temperature 

The macroscopic properties of the system obey the following relationship: 


3J5 


3.18 


3,19 



*) 



10 m 


where a, by and R arc constants. 

Obtain an cjtprcssion for the displacement work done by the system during a 
constant-temperature expansion from volume Vy to volume Calculate the 
w ork done by a system which contains 10 kg of this gas expanding from L to 

^ at a temperature of 293 K. Use the values a - 15.7 x 10^ Nm^, b - 
1,07 X 10’^ mdR~ 0.278 kJ/kg-K. 

Arts. 1742.14U 

If a gas of volume 6000 cm^ and at a pressure of 100 kPa is compressed 
qoasistatically according to = constant until the volume becomes 
2000 cm^* determine the final pressure and the work transfer. 

vfnj.900kPa, 1.2 y 

3.16 The flow energy ofO. 124 mVmin of a fluid crossing a boundary to a system is 18 


kW. Find the pressure at this point. 


Ans. 764 kPa 


3.17 A milk chilling unit can remove heat from the milk at the rate of 41.87 MJ^h. 

Heat leaks into the milk the surroundings at an average rate of 
4.187 MJ/h. Find the time required for cooling a batch of 500 kg of milk from 
45“C to 5®C. Take the of milk to be 4.187 kJ/kgK. 

680 kg of fish at 5ate to be frozen and stored at-12°C. The specific heat of 
fish above freezing point is 3,182^ and below freezing point is 1.717 kJ/kgK. The 
freezing point is - and the latent heat of fusion is 234.5 kJ/kg. How much 
heat must be removed to cool the fish, and w'hat per cent of this is latent heat? 

Arts. 186.28 MJ, 85.6% 

A horizontal cylinder fitted with a sliding piston contains 0.1 m^ of a gas at a 
pressure of 1 atm. The piston is restrained by a Linear spring. Tn the initial state^ 
the gas pressure inside the cylinder just balances the atmospheric pressure of 1 
atm on the outside of the piston and the spring exerts no force on the piston. The 
gas is then heated reversibly until its volume and pressure become 0.16 and 2 
atm, respectively, (a) Write the equation for the relation between the pressure 
and volume of the gas. (b) Calculate the work done by the gas. (c) Of the total 

work done by the gas* how much is done against the atmosphere? How much is 


done against the spring? 


i 


^ns.(a)p(N/m^) = 2.026 X 10*V- 1,013 X 10 

(b) 7,598 J, (c) 5,065 J. 2,533 J 

3.20 An elastic sphere initially has a diameter of i m and contains a gas at a pressure 

of 1 atm. Due to heat transfer the diameter of the sphere increases to 1.1 m. 
During the heating process the gas pressure inside the sphere is proportional to 


the sphere diameter. Calculate the work done by the gas. 


Ans. 18.4 kJ 


3.21 A piston-cyUnder device contains 0.05 of a gas initially at 200 kPa. At this 

state* a linear spring having a spring constant of 150 kN/m is touching the piston 
but exerting no force on it. Now' heat is transferred to the gas, causing the piston 
to rise and to compress the spring until the volume inside the cylinder doubles. If 
the cross-sectional area of the piston is 0.25 m^, determine (a) the final pressure 



T 

1 
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inside the cylixidcr, (b) the total work done by the gas, and (c) tbo &aetton of this 
work done against the spring to compress it 


Ans. (a) 320 kPa, (b) 13 kJ, (c) 3 kJ 
3.22 A piston'Cylin.der device^ whose piston is resting on a set of stops, initially 

contains 3 kg of air at 200 kPa and 27°C, The mass of the piston is such that a 
pressure of400 kPa is required to move it Heat is now transferred to the air until 
its volume doubles. Determine tbe work done by the air and the total heat 


transferred to the air. 


516kJ, 2674 kJ 




Energy qan be m two forms: (a) energy ui transit, like heat and work transfer 

observed at the boundaries of a system, and (b) energy in storage, where energy 
is stored eithev macroscop icaityhy virtue of motion, position or configuration of 
the system, or m icroscopicaliy in the mo Iccu les or atoms constituting the system. 


4,1 


First Law for a Closed System 
Undergoing a Cycle 


The transfer of heat and the performance of work may both cause the same etlect 
in a system. Heat and work are different forms of the same entity, called energy, 

which is conserved. Energy which enters a system as heat may leave the system 
as work, or energy which enters the system as work may leave as heat. 

Let us consider a closed system which consists of a known mass of water 
contained in an adiabatic vessel having a thermometer and a paddle wheel, as 
shown in Fig. 4.1. Let a certain amount of work W ^_2 be done upon the system by 
the paddle wheel. The quantity of work can be measured by the fall of weight 
which drives the paddle wheel through a pulley. The system was initially at 
temperature 1^, the same as that of atmosphere, and after work transfer let the 
temperature rise to t 2 ^ The pressure is always 1 atm. The process 1-2 undergone 
by the system is shown in Fig, 4.2 in generalized thermodynamic coordinates 
T, Let the insulation now be removed. The system and the surroundings interact 


by heat transfer till the system returns to the original temperature q, attaining the 


condition of thermal equilibrium with the atmosphere. The amount of heat transfer 
02-1 froni the system during this process, 2-1, shown in Fig. 4.2, can be 
estimated. The system thus executes a cycle, which consists of a definite amount 
of work input W ^_2 to the system followed by the transfer of an amount of heat 
02 .,] from the system. It has been found that this W ^_2 is always proportional to 

the heat 02_|i and the constant of proportionality is called the Joule's equivalent 


h 
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Adiabatic 

vessel 



Pulley 


Weight 


Fig. 4.I Adiabatic work 


or mechanical equivalent of heat. In the simple example given heref there are 

only two energy transfer quantities as the system performs a theimodynamic 
cycle. If the cycle involves many more heat and work quantities* the same result 
will be found. Expressed algebraically. 


(S^cyclc = ^(2:04:ydc (4*1) 

where y is the Joule’s equivalent. This is also expressed in the fonn 

|d»' = ./|de 

where the symbol I denotes the cyclic integral for the closed path. This is the/inr 

law for a closed system undergoing a cycle. It is accepted as a general law of 
nature, since no violation of it has ever been demonstrated. 

In the S.L system of units* both heat and work are measured in the derived 
unit of energy, the Joule. The constant of proportionality, J, is therefore unity 
(y= 1 Nm/J). 

The first law of thermodynamics owes much to J,P, Joule who* during the 
period 1S40-1849, carried out a series of experiments to investigate the 
equivalence of work and heat. In one of these experiments, Joule used an 
apparatus similar to the one shown in Fig. 4.1, Work was transferred to the 



Fig* 4,2 Cycle campleUd by a system with two energy interactions: 

adiabatic work tranfer Wj.^ followed by heat transfer Q?. j 
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measured mass of water by means of a paddle wheel driven by the falling weight. 
The rise in the temperature of water was recorded. Joule also used mercury as the 
fluid system, and later a solid system of metal blocks which absorbed work by 
fhction when rubbed against each other. Ocher experiments involved the 
supplying of work in an electric current. In every case, he found the same ratio (*/) 
between the amount of work and the quantity of heat that woul d produce identical 
effects in the system. 

Prior to Joule, heat was considered to be an invisible fluid flowing from a body 
of higher caloric to a body of lower calorie, and this was known as the caloric 
theory of heat It was Joule who first established that heat is a form of energy, 
and thus laid the foundation of the first law of thermodynamics. 



First Law for a Closed System Undergoing 

a Change of State 


The expression (EJf)cycic ” (^Ocycie applies only to systems undergoing cycles, 
and the algebraic summation of all energy transfer across system boundaries is 
zero. But if a system undergoes a change of state during wh ich both heat transfer 

and work transfer are involved, the net energy transfer will be stored or 

accumulated within the system. If0 is the amount of heat transferred to the system 
and If is the amount of work transferred from the system during the process 
(Fig. 4.3), the net energy transfer (0 - If) will be stored in the system. Energy in 
storage is neither heat nor work, and is given the name internal energy or simply, 
the energy of the system. 

Therefore Q^W = AE 


where A£ is the increase in the energy of the system 
or e = A£+If 



Here 0, If, and 6E are all expressed in the same units (in joules). Energy may be 
stored by a system in different modes, as explained in Article 4,4. 

If there are more energy transfer quantities involved in the process, as shown 

in Fig. 4.4, the first law gives 

iQz + 03” ei)== A£ + (Ifj + If3 ^ If, W^) 



Surroundings 


Fig* 4*3 Htat and work intiractions of a 

system with its surroundings in a 
process 


Ch (h 



Fig* 4.4 System-surrounding interaction in 

a process inoohing many energy 

fluxes 
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Energy is thus conserved in the operation. The first law is a particular 
formulation of the principle of the conservation of energy. Equation (4.2) may 
also be considered as the definition of energy. This definition does not give an 
absolute value of energy E, but only the change of energy for the process. It 
can, however, be shown that the energy has a definite value at every state of a 
system and is^ therefore, a property of the system. 


4,3 Energy-A Property of tiie System 


Consider a system which changes its state firom state 1 to state 2 by following the 
path A , and returns from state 2 to state 1 by following the path B (Fig, 4.5). So 


the system undergoes a cycle. Writing the first law for path A 


and for path B 



(4.3) 


Qe “ 


(4,4) 


The processes A and B together constitute a cycle, for which 



‘ ffOeycle 


or »'a+W"b = 



or eA-"^A = 


(4.5) 

From equations (4.3), (4.4), and (4.5), it yields 


&E.-- 

--AE. 

(4.6) 


Simi larly, had the system returned from state 2 to state 1 by following the path 


C instead of path B 


A£ 


A 


AE 


c 


(4.7) 


From equations (4.6) and (4.7) 


A£ 


Q 


AE 


c 


Therefore, it is seen that the change in energy between two 



(4.8) 

of a system is 

the same, whatever path the system may follow in undergoing that change of 
state. If some arbitrary value of energy is assigned to state 2, the value of energy 
at state 1 is fixed independent of the path the system follows. Therefore, energy 
has a definite value for every state of the system. Hence, it is Epoint Junction and 

a property of the system . 



Fig. Efiergf-a proptrty of a system 
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The energy £ is an extensive property* The specific energy, e = E/m (J/kg), is 
an intensive property* 

The cyclic integral of any property is zero, because the finai state is identical 


with the initial state* ^ d£ 
reduces to equation (4*1)* 





0, etc* So for a cycle, the equation (4*2) 


4.4 Different Forms of Stored Energy 

The symbol E refers to the total energy stored in a system. Basically there are two 

modes in which energy may be stored in a system: 

(a) Macroscopic energy mode 

(b) Microscopic energy mode 

The macroscopic energy mode includes the macroscopic kinetic energy and 
potential energy of a system* Let us consider a fluid element of mass m having 

the centre of mass velocity V (Fig. 4.6)* The macroscopic kinetic energy £k of 
the fluid element by virtue of its motion is given by 


£ 


mV 


1 


K 


2 


If the elevation of the fluid element h:om an 
macroscopic potential energy £_ by virtue of its 


p 

E 



datum is r, then the 


p 


mgz 


The microscopic energy mode refers to the energy stored in the molecular and 
atomic structure of the system, which is called the molecular internal energy or 
simply internal energy^ customarily denoted by the symbol U. Matter is 
composed of molecules* Molecules are in random thermal motion (for a gas) with 

an average velocity v , constantly colliding with one another and with the walls 
(Fig* 4,6)* I>ue to a collision, the molecules may be subjected to rotation as well 


Random 
Thermal 
Motion of 

Moiecufes 



Mass 


1 


Fig. 4.6 
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as vibration. They can have translational kinetic energy, rotational kinetic en¬ 
ergy, vibrational energy, electronic energy, chemical energy and nuclear energy 
(Fig. 4.7)* If £ represents the energy of one molecule, then 



^cbcm ^ ^electronic ^ ^ucleir 



If hA/ is the total number of molecules in the system, then the total internal 
energy 

U^Ne (4*10) 



TranslatkKial KE Rotattonai KE Vibrational Energy 


© ^ © 

\\ // 

© 

Nudear binding enarg/ 

Fig. 4.7 Various eompoFunts of internal energy stored in a moiecule 

In an ideal gas there are no intermolecular forces of attraction and repulsion, 
and the internal energy depends only on temperature. Thus 

t/=/(7)only (4*11) 

for an ideal gas 

Other forms of energy which can also be possessed by a system are magnetic 

energy, electrical energy and surface (tension) energy. In the absence of these 
forms, the total energy £ of a system b given by 

macro micro 

where £p, and U refer to the kinetic, potential and internal energy, 
respectively* In the absence of motion and gravity 

£k- 0 ,£p ^0 

E=U 

and equation (4.2) becomes 

Q = AU+ W (4.13) 



Etectroo spin 
and Rotation 
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t/is an extensive property of the system. The specific mtemal energy w is equal to 
U/m and its unit is J/kg. 

In the differential forms, equations (4.2) and (4.13) become 


6Q = dE^ dW 
6Q=<iU+ dW 


(4.14) 

(4.15) 



d« 


^ ^pdV ^ ^ l^shaft '*■ ^ ^electrical + " f 


considering the different forms of work transfer 



may be present. When 


onlypd F' work is present* the equations become 

iQ^dE+pdV 

(4.16) 

AQ = AU-*-pAV 

(4.17) 

or, in the integral form 

Q = A£ + J pAV 

(4.18) 

Q=AU+\pAV 

(4.19) 



The specific heat of a substance at constant volume Cy is defined as the rate of 



held constant, i.e. 



For a constant-volume process 





The first law may be written for a c 1 osed stationary system composed of a unit 
mass of a pure substance 

Q = ^u+W 

or dQ = du + dW 

For a process in the absence of work other than pdV work 


dlV=pdV 
dQ = 6u+ pdv 

When the volume is held constant 


(QX = {AuX 





Heat transferred at constant volume mcreases the internal energy of the system 
If the specific heat of a s ubstanc e is defined in terms of heat transfer, then 


c 


fia 

Ur 


Since Q is not a property, this definition docs not imply thatc^ is a property of 
a substance. Therefore, this is not the appropriate method of defining the specific 


heat, although (dg) 


du. 


Since u, T, and v are properties, is a property of the system. The product 
mCy = Cj, is called the he^tt capacity at constant volume (J/K). 



4.6 Enthalpy 

The enthalpy of a substance, h, is defined as 

h + pv 

It is an intensive property of a system (kJ/kg). 

Internal energy change is equal to the heat transferred in a constant volume 
process involving no work other than pdV work. From equation (4.22), it is 
possible to derive an expression for the heat transfer in a constant pressure 

process iovolving m work other than pd V work. In such a process in a 

stationary system of unit mass of a pure substance 



dQ = du+ pdv 


At constant pressure 


pdv = d(pt?) 



I 

p 


or 


or 


(^m 


I 

p 


du + d(pn) 
d(u + pv) 






where h^u+pvi$ the specific entkaip}\ a property of the system. 

Heat transferred at constant pressure increases the enthalpy of a system 


For an ideal gas, the enthalpy becomes 

h = U'^ RT 


Since the internal energy of an 
(Eq* 4*11), the entha lpy of an ideal 


(4.26) 






on the 



h =f(T) only 


only, i*e* 
(4.27) 


Total enthalpy mh 


Also 

and 


H=U^pV 
h = Hfm iJ/kg) 


4,7 Specific Heat at Constant Pressure 

The specific heat at constant pressure is defined as the rate of change of 
enthalpy with respect to temperature when the pressure is held constant 



First Law of Thermodynamics 


71 


c. 


hh 

3r 


Since T and p are properties, so 


is a property of the system. Like Cy, c 


should not be defined in terms of heat transfer of constant pressure, 

{de)p=dA. 

For a constant pressure process 


(A A). 


1 


Cp-dT 


The first law for a closed stationary system of unit mass 


Again 




i ■» 


or 


iQ = <ht+pdu 
fy = u^ pv 

dA = dii + pdV + 

= dQ+ vdp 

d2 =dh-vdp 

m)p = dA 

(.QX = (M)„ 


(4,30) 


From equations (4.19) and (4.20) 


(2) 


] 


C. 


Cp IS a 


property of the system, just like The heat capacity at constant pressure 


Cp is equal to mCp (J/K). 


4^8 Energy of 




An isolated system is one in which there is no interaction of the system with the 
surroundings. For an isolated system, dg =* 0, d 0. 


The first law gives 


or 


dE = Q 
E = constant 


The energy of an isolated system is always constant 


4*9 Perpetual Motion Machine of the First Kind-PMMl 

The first law states the general principle of the conservation of energy. Energy is 
neither created nor destroyed, but only gets transformed from one form to 
another. There can be no machine which would continuously supply mechanical 
work without some other form of energy d i sappearing simultaneously (Fig, 4.8), 
Such a fictitious machine is called a perpetual motion machine of the first kind^ 
or in brie f, PMM1, A PMMl is thus impossible. 
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The converse of the above statement is also true, i»e,, there can be no machine 
which would continuously consume work without some other form of energy 
appearing simultaneously (Fig. 4.9). 


Q 




o 

k 
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w 


Fig. 4.8 A PMMI 


Fig. 4.9 Thi canuerse of PMMI 


4.10 Limitations of the First Law 


The first law deals with the amounts of energy of various forms transferred 
between the system and its surroundings and with changes in the energy stored in 
the system. It treats work and heat interactions as equivalent forms of energy in 
transit and does not indicate the possibility of a spontaneous process proceeding 
in a certain direction. It is the second law which assigns a quality to different 
forms of energy, and also indicates the direction of any spontaneous process. 


Solved Examples 


Example 4,1 A stationary mass of gas is compressed without lection from an 
initial state of 0.3 m^ and 0.105 MPa to a final state of 0.15 m^ and 0.105 MPa, 
the pressure remaining constant during the process. There is a transfer of 37.6 kJ 

of heat from the gas during the process. How much does the internal energy of the 
gas change? 

Solution First law for a stationary system in a process gives 


2 = At/+ W 


or 


e ,-2 


Here 


W 


1-2 


fii- 


2 


Substituting in equation (1) 


37.6 kJ 


U 


2 


U 


I 


U,-U. + w,. 


r-, 


j pdF = p( Kj 


f'l) 


*1 


0.105 (0.15-0.30) MJ 
- 15.75 kJ 
-37.6 kJ 


15.75 kJ 

-21,85 kJ 


( 1 ) 


Ans. 


« ^ 
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The internal energy of the gas decreases by 21.85 kJ in the process. 

fjcample 4,2 When a system is taken from state a to state in Fig. £x. 4.2, 
along path acb^ 84 kJ of heal flow into the system, and the system does 32 kJ of 
work, (a) How much will the heal that flows into the system dong pathac^h be, if 
the work done is 10,5 kJ? (b) When the system is returned from ft to n along the 
curved path, the work done on the system is 21 kJ. Does the system absorb or 
liberate heat, and how much of the heat is absorbed or liberated? (c) If t/^=0 and 
t/j = 42 kJ, find the heat ahsorfjed in the processes ad and db. 



——► V 

Fig, Ex, 4 J 


Solution 





fiicb ~ 

= 84kJ 


We have 


= 32kJ 



Sac b ~ 

-u^-u,+ w^ 


1 P 

U,-Ur- 

= 84 - 32 = 52 Id 

Ans. 

(a) 


= t/b - t4 + ^adb 




= 52 + 10.5 




= 62.5 kJ 

Ans. 

(b) 





- 

^-52-21 




= -73kJ 

Am. 

The system liberates 73 kJ of heat. 


(C) 




p 

4 4 


-■u^-u,+ w^ 



= 

= 42-0+ 10.5 = 52.5 kJ 


Now 

Qztib ~ 

= 62.5 kJ = 0^ + Cjb 


p 

4 4 

0db ' 

= 62.5-52.5= to kJ 

Ans. 


Example 4 J A piston and cylinder machine contains a fluid system which 

passes through a complete cycle of four processes. During a cycle, the sum of all 
heat transfers is -170 kJ, The system completes 100 cycles per tnin. Complete (he 


'r ■ ' IT- “hili ^ - iiu*- - n 
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following table showing the method for each iteau and compute the net rate of 
work output in kW. 


Process 

Q (kJ/min) 

W (U/min) 

AE ^/min) 

a-b 

0 

2,170 

-—- 

b-c 

21,000 

0 

— 

c-d 
dr^ a 

-2,100 


-36,600 


Soiution 




= A£+ JPF 


b- 

* m 

Process b-c: 


Process c-d: 


Process d-a: 



= AE + 2m 
= -2170 kJ/min 



= A£4 }V 
= A£ + 0 



e = A£+ W 
- 2100 — 36,600 + W 

W = 34,500 kJ/min 



The system completes 




Now J df = 0, since cyclic integjil of any property is zero, 

A£^_t, + A£b_^ + A£^^ + AE^ = 0 

- 2,170 + 21,000 - 36,600 + AE^ = 0 
/♦ AE^j^ = 17,770 kJ/min 

= Cd-t - 

= - 35,900 - 17,770 
= - 53.670 kJ/min 

The table becomes 


!F(kJ/mm) 

2,170 

0 


A E (ki/min) 
-2,170 
21,000 



Process 

a-b 

b-c 


Q (kJ/min) 
0 

21,000 
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c-d -2,100 34,500 -36,600 

d-a -35,900 ^53,670 17,770 

Since 

Rate of work output = 

cycld cydfr 

= - 17,000 y/min 

= -283.3 kW Ans. 


Example 4.4 The internal energy of a certain substance is given by the 
following equation 




u = 3.56 pu + 

where u is given in kJ^g,p is in kPa, and r? is in 

A system composed of 3 kg of this substance expands from an initial pressure 
of 500 kPa and a volume of 0.22 m^ to a final pressure 100 kPa in a process in 
which pressure and volume arc related by pv^'^ = constant. 


(a) If the expansion is quasi-static, find Q, i t/, and IT for the proem, 

(b) In another process the same system expands according to the same 
pressure-volume relationship as in part (a), and from the same initial state 
to the same final state as in part (a), but the heat transfer in this case is 30 
kJ, Find the work transfer for this process, 

(c) ^plai n the difference in work ttansfer in parts (a) and (b). 


Solution 


(a) 

u ■ 

= 3.56pn + 84 




= W2 - W] = 3,56 (p2 

-Pi »i) 

* 

* W 

AU-- 

-^.S6ip:,V^-pyVy) 


Now 

p, V, = 



P 

n 1 

yi- 

( o (■ 

= K =0.22 - 

\ Pi) 

T 


= 0.22 X 3.83 = 0.845 m’ 


A i/ = 356 (1 X 0.845 - 5 x 0.22) kJ 
= -356 X 0.255 = -91 kJ 


For a quasi-static process 


Ans. (a) 



127.5 kJ 


Q = ^U^ W 

= " 91 + 127,5 - 36.5 kJ Ans, (a) 
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(b) Here g - 30 kJ 

Since the end states are the same, AC/ would remain the same as in (a). 

W=Q-AU 


30-(-91) 
= !21 kJ 


Ans. (b) 


(c) The work in (b) is not equal to since the process is not quasi-static. 


Example 4*5 A fluid is confined in a cylinder by a spring 



, thctionless 


piston so that the pressure in the fluid is a linear function of the volume 
(p = a + by). The internal energy of the fluid is given by the 



t/ = 34 + 3.15pK 

where t/ is in kJ, in kPa, and V in cubic metre. If the fluid changes from an 
initiai slate of 170 kPa* 0,03 to a final state of400 kPa, 0,06 with no work 
other than that done on the piston, find the direction and magnitude of the work 
and heat transfer. 

Solution The change in the internal energy of the fluid during the process. 

U2-Ui = 3A5(p2V2-piyi) 


315(4x0,06- 1.7x0.03) 


315x0.189 = 59.5 



Now 


p = a + bV 

J70-a + bx0.03 

400 ^ a + b X 0,06 


From these two equations 


a 


60 kN/m 


2 


b = 7667 kN/m 


5 



W 


1-2 


jpdV 


p; 


{a + bV3dV 


V, 


1 


*1 








2 




2 


2 


iV: 


2 




b 




2 


0.03 m 


3 


7667 kN 


60 kN/m'0.09 m' 


2 


m 


5 


8.55 kJ 


Work is done by the system* the magnitude being 8,55 kJ, 
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Heat transfer involved is given by 

- 59.5 + 8.55 
= 68.05 kJ 

68.05 kJ of heat flow into the system during the process. 



4.1 State the first law for a closed system undergoing a cycle. 

4.2 What was the contribution of J.P. Joule in establishing the first Law? 

4.3 What is the caloric theory of heat? Why was it rejected? 

4.4 Which is the property introduced by the first law? 

4.5 State the first law for a closed system undergoing a change of stale. 

4.6 Show that energy is a property of a system. 

4.7 What arc the modes in which energy is stored in a system? 

4.8 Define internal energy. How is energy stored in molecules and atoms? 

4.9 What is the difference between the standard symbols of E and U? 

4.t 0 What is the difference between heat and internal energy? 

4.11 Define enthalpy. Why does the enthalpy of an ideal gas depend only on 

temperature? 

4.12 Define the specific heats at constant volume and constant pressure. 

4.13 Why should specific beat not be defined in terms of heat transfer? 

4.14 Which property of a system increases when heat is transferred: (..) at constant 

volume, (b) at constant pressure? 

4.15 What is a PMMl? Why is it impossible? 






I 





An engine is tested by means of a water brake at 1000 rpm. The measured torque 
of the engine is 10060 mN and the water consumption of the brake is 0.5 m^/s, its 
inlet temperature being 20^C. Calculate the water temperature at exit, assuming 
that the whole of the engine power is ultimately transformed into heat which is 
absorbed by the cooling water. 

20.5"C 

to a cyclic process, heat transfers are + 14.7 kJ, - 25.2 kJ, - 3.56 kJ and 

+ 31.5 kJ. What is the net work for this cycle process? 


Ans. 17.34 kJ 

A slow chemical reaction takes place in a fluid at the constant pressure of 0.1 
MPa. The fluid is surrounded by a perfect heat insulator during the reaction which 
begins at state 1 and ends al state 2. The insulation is then removed and 105 kJ of 
heat flow to the surroundings as the fluid goes to state 3. The following data arc 
observed for the fluid al states 1,2 and 3. 





20 


4.9 


3 


0,06 


For the fluid system, calculate £3 and if = 

Ans. 


0 

£ 


4*4 During one cycle the 

interactions: 15 kJ 




29.7 kJ, E 


3 


] 10*7 kJ 





m 


id and 44 kJ 





In two 


fluid, and three heat 


interactions, two of which are known: 75 kJ to 
Evaluate the magnitude and direction of the 




Ans. - 6 kJ 

4.5 A domestic rehigemtor is loaded with food and the door closed. During a certain 

period the machine consumes 1 kW h of 
system drops by 5000 kJ* Find the net heat 

Ans. — 8.6 MJ 

4.6 1,5 kg of liquid having a constant speciric heat of 2.5 ki/kg K is stirred in a well^ 

insulated chamber causing the temperature to rise by 15'’C. Find AE and W for 



the process, 

Ans. A£ = 56*25 \a,W = 
4*7 The same liquid as in Problem 4.6 is stirred in a conducting chamber. 

process 1.7 kJ of heat arc transferred from the liquid to 
the temperature of the liquid is rising by 15°^C. 


56*25 kJ 





W for the process 

Ans. AE = 56.25 kJ, = 57*95 



4.8 Hie properties of a certain fluid are related as follows 


u 


pv 


196 + 0,718/ 

0,287 (/ + 273) 


where u is the specific internal energy (kJ/kg), / is in p is pressure (kN/m^)p 
and V is specific volume (m^/kg)* 

For this fluid, find and c 


r 


Ans. 0,718, LOOS kJ/kgK 



ma 




cylinder 

30®C. If there is no 


of I MPa, 



to a final temperature of 



Ans. 



*52 kJ 



in the 



4.10 If all the work in the eJipaosion of Problem 4.9 is done on the moving piston 

show that the equation representing the 
given by pv' ^ = constant. 

4.11 A stationary system 

adiabatic process according topv 



em 4*8 expands in an 

I 





and 200®C, and the final pressure is 0,1 MPa. Find Fand AC/ for the 
Why is the work transfer not equal to J pdV7 

Ans. 216.83, At/= -216.33 U, jpdF = 434.4 kJ 


4.12 A rnktuie of gases expands at consent pressure from 1 MPa, 0.03 m^ to 0.06 m 


3 


with 84 kJ positive heat transfer. There is no work other than that 
piston. Find AE for the gaseous mixture. 



on a 


Ans. 54 kJ 


The same mixture expands through the same state path while a stirring device 
does 21 kJ of work on (he system. Find AE, and Q for the process, 

Ans. 54 kJ,-21 y, 33 kJ 
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4*13 A tims of 8 kg 



expands within a flexibic contamer so that the p-v 


1.2 


const. The initial pressure is 



kPa and the 


relationship is of the form pu 
initial volume is 1 The final pressure is 5 kPa, If specific inlemal energy of 
the gas decreases by 40 kJ/lcg, find the heat transfer in magnitude and direction. 

+2615kl 


4J4 A gas of mass 1.5 kg undergoes a quasi-static expansion which follows a 

relationship p “ o + bV^ where a and b are constants. The initial and final 
pressures are 1000 kPa and 200 kPa respectively and the corresponding volumes 

are 0.20 and 1.20 The specific mtemai energy of the gas is given by the 

relation 


^ = l.Spu- 85 fcJ/kg 

where p is in kPa and v is in m^/kg. Calculate the net heat transfer and the 
maximum intemal energy of the gas attained during expansion* 

Ans. 660 Id, 503.3 \d 

4.IS The heat capacity at constant pressure of a certain system is a function of 

temperature only and may be expressed as 



2.093 + 




where t is 



temperature of the system in ®C. The system is heated while it 


is maintained at a pressure of 1 atmosphere until its volume increases from 
2000 cm^ to 2400 cm^ and its temperature increases from 0°C to 100 ®C. (a) Find 


the magnitude of the heat intemetjoriH (b) How much does the internal energy of 
the system increase? 


Ans. (a) 23&.32J (b) 197.79 J 

4.16 An imaginary engine receives heat and docs work on a slowly moving piston at 

such rates that the cycle of operation of \ kg of working fluid can be represented 

as a circle 10 cm in diameter on a p-^ diagram on which 1 cm = 3 CH} kP 



I cm ~ 0.1 m^/kg. (a) How much work i s done by each kg o f working fluid for 




ratio of work done and heat input in a cycle. If the heat rejected by the engine in 

a cycle is 1000 kJ per kg of working fluid, what would be its thermal efficiency? 

Ans. (a) 2356.19 kJ/kg, (b) 0.702 

4.17 A gas undergoes a thermodynamic cycle consi sting of three processes beginning 

at an initial state where = 1 bar, r, = 1.5 m^ and l/| = 512 kJ* The processes 
arc as follows: 


(i) Process 1-2: Compression wither = constant xop 2 = 2 bar* U 2 =690 kJ 


(ii) Process 2-3: 1^23 ” 


150 kJ* and 


(iii) Process 3-1: 1 =+50 kJ. Neglecting KE and PE changes, determine 


the heat interactions Q ^2 and 


\ 


Ans. 74 kJ, 22 U 


4. IS A gas undergoes a thermoynamic cycle consisting of the following processes: 

(i) Process I -2: Constant pressure ^ 0 = 1.4 bar, P, = 0.028 m^* If 

(ii) Process 2-3: Compression with pV = constant t /3 = (*'*) Process 3-1: 

Constant volume, U^- U^=- 26.4 kJ, There are no significant changes in K£ 
and PE. (a) Sketch the cycle on a p-K diagram. (b) Calculate the net work for the 





jflia 


4A9 


4.22 


cycle ia U. (c) Calculate the heat transfer for process 1-2 (d) Show that 

Am. (b) - 8.28 kJ, (c) 36.9 kJ 
A certain gas of ntass 4 kg is contained within a piston cylinder assembly- The 

gas undergoes a process for which = constant. The tnitial state is given 

by 3 bar, 0-1 , The change in internal energy of ihe gas in the process is 

4.6 kJ/kg. Find the net heat transfer for the process when the flnaJ 


U2 - 


volume is Q.2 Neglect the changes in KE and PE. 

Arts. - 0.8 kJ 

4.20 An electric generator coupled to a windmill produces an average electrical pow er 

output of 5 kW. The power is used to charge a storage battery. Heat transfer from 

the battery to the surroundings occurs at a constant rate of 0.6 kW. Determine the 
total amount of energy stored in the battery in BA of operation. 

Am. 1.27 X lO' kJ 

4.21 A gas in a piston-cylinder assembly undergoes two processes in series. From 

state 1 to state 2 there is energy transfer by heat to the gas of 5 00 kJ, and the gas 
does w'ork on the piston amounting 800 kJ. The second process, from state 2 to 
state 3, is a constant pressure compression at 400 kPa, during which there is a 
heat transfer from the gas amounting 450 kJ. The following data are also known: 

kJ and Ux - 3500 kJ. Neglecting changes in K£ and P£, calculate the 


U 


] 



3 


change in volume of the gas during process 2-3. 

Arjs* - 5.625 m 

Air is contained in a rigid well-insulated tank with a volume of 0.2 m^. The tank 


is fitted with a paddle wheel which transfers energy to the air at a constant rate of 


4 W for 20 min. The initial density of the air is 1.2 kg/m^. If no changes in KE or 
PE occur, determine (a) the specific volume at the final state, (b) the change in 


speci fie interna] energy of the air. 


Alts, (a) 0.833 ni’/kg, (b) 20 kj/kg 



5,1 Control Volume 


For any system and in any process, the first law can be written as 

Q=AE^W 

where E represents all forms of energy^ stored in the system. 

For a pure substance 

E — Ef^ + fp + C/ 

where Ey^ is the K.E., Ep the P.E., and U the residual energy stored in the 
molecular structure of the substance. 


Q = AE^^AEj,^AU+ W (5.1) 

When there is mass transfer across the sytem boundary, the system is called an 
open system. Most of the engineering devices are open systems involving the 
flow of fluids through them. 

Equation (5 J) refers to a system having a particular mass of substance, and is 
free to move from place to place. 

Consider a steam turbine (Fig. 5.1) in which steam enters at a high pressure, 
does work upon the turbine rotor, and then leaves the turbine at low pressure 
through the exhaust pipe. 

If a certain mass of steam is considered as the thennodynamic system, then the 
energy equation becomes 

Q = AE^ + AEp + AU-^W 

and in order to analy 2 e the expansion process in turbine the moving system is to 
be followed as it travels through the turbine, taking into account the work and 
heat interactions all the way through. This method of analysis is similar to that of 

Langrange in fluid mechanics. 
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Movir>g system 


Control volume 


Controi surface 


Shaft 


Exhaust pipe 


Fig. 5*1 


Flow process involving work and heat inieractions 


Although the system approach is quite valid, there is another approach which 
is found to be highly convenient* Instead of concentrating attention upon a certain 
quantity of fluid, which constitutes a moving system in flow process, attention is 
focussed upon a certain fixed region in space called a controi volume through 
which the moving substance flows. This is similar to the analysis of Euler in fluid 


mechanics* 

To distinguish the two concepts, it may be noted tliat while the system (closed) 
boundary usually changes shape, position and orientation relative to the observer, 
the control volume boundary remains fixed and unaltered* Again, while matter 
usually crosses the control volume boundary , no such flow occurs across the 

system boundary. 

The broken line in Fig. 5* L represents the surface of the control volume which 
is known as the control surface. This is the same as the system boundary of the 
open system. The method of analysis is to inspect the control surface and account 
for all energy quantities transferred through this surface. Since there is mass 
transfer across the control surface, a mass balance also has to be made. Sections 
1 and 2 allow mass transfer to take place, and Q and W are the heat and work 

interactions respectively. 


5.2 Steady Flow Process 

As a fluid flows through a certain control volume, its thennodynanic properties 
may vary along the space coordinates as well as with time* If the rates of flow of 
mass and energy through the control surface change with time, the mass and 
energy within the control volume also would change with time. 

‘Steady flow’ means that the rates of flow of mass and energy across the 

control surface are constant. 

In most engineering devices, there is a constant rate of flow of mass and energy 
through the control surface, and the control volume in course of time attains a 
steady state. At the steady slate of a system, any thermodynamic property will 
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have a fixed value at a particular location, and will not alter with time. 
Thermodynamic properties may vary along space coordinates, but do not vary 
with time. ‘Steady state' means that the state is steady or invadant with time. 


53 Mass Balance and Energy Balance in a 

Simple Steady Flow Process 


In Fig. 5.2, a steady 
enters and one stream 









the control 



stream of fluid 
. There is no accumulation of 


mass or energy within the control volume, and the 



at any 



within the control volume are steady with time. Sections LI and 2.2 indicate, 


respectively, the entrance and exit of the fluid across the control surface. The 
following quantities arc defined with reference to Fig. 5,2, 


dO 


Row In 




2i 



Control volume 


Datum 


C.S. 


yT7////. 


fig. 5JL 



2 


2 


A 2 —CT 0 SS-seciion of stream, m 
Wj, ^ 2 —mass flow rate, kg/s 
P}*P 2 —absolute, N/m 

i7j, n 2 ^spcci fic volume, m^/kg 
H], W 2 —specific internal energy, J/kg 




2 


velocity, m/s 



dT 


T 


•a 


22 



—net rate of heat transfer through the control 



dT 


net rate of work transfer through the control surface, J/s 


exclusive of work done at sections 1 and 2 in transferring the fluid 

control surface. 

T—time, s. 

Subscripts 1 and 2 refer to the inlet and exit sections. 










Bajk 




5.3A 



By the conservation of mass, if there is no accumulation of mass within the control 
volume^ the mass flow rate entering must eqxiaJ the mass flow rate living, or 


or 


w 

^iV, 


. =w. 


^,V, 


V 


I 


V 


(52) 


2 


This equation is known as the equation of continuity. 

5*3.2 Energy Balance 

In a flow process, the wotk transfer may be of two types: the external work and 
the flow work. The external work refers to all the work transfer across the control 
surface other than that due to normal fluid forces. In engineering thermodynamics 
the only kinds of external work of importance are shear (shaft or stirringVworJlr 
and electrical wort In Fig. 5-2 the only external worir occurs in the form of shaft 
work, The flow work, as discussed in Sec. 3.4, is the displacement work done 
by the fluid of mass dm j at the inlet section 1 and that of mass 4m-, at the exit 


2 


section 2, which are and (+;7202^™2) respectively. Therefore, the total 

work transfer is given by 
In the rate form. 


aw 

dX 


dw. 

dr 


dmi dm, 

Pi^i -^-^P2^2 ■ 


dT 


dT 


or 


dW 

dT 


dlK 

dT 


W2P2V2 


"■ (5.4) 



Since there is no accumulation of energy, by the conservation of energy 
total rate of flow of all energy streams entering the control volume must 
total rate of flow of all energy streams leaving the control volume. This may 
expressed in the following equation. 









Substituting for 


dT 




£2 

dr 


^ 2^2 




dW 

dT 



from Eq. (5.4) 


I 

+ ^ 


dQ 

dT 


^ 2^2 




dT 


-W^lVi'^W2p202 


WiCi + WlPiPi 


-f- 


dr 


dJ^l 

W2e2 + '*'2P2^2 " 


dT 


(5.5) 


where Cj and £2 refer to the energy carried into or out of the control volume with 
unit mass of fluid. 
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The Specific energy e is given by 


V 


2 


2 


^Zg + u 


Substituting the expression fore in Eq. (5.5) 


(5.6) 




fVi 


2 


A 


I 2 


+ Zig^u^ + ^iPi^i + 


/ 


dT 




2 


V, 


2 




dT 


or 


V? 

W*! I *1 + -^ + Zig 


\ 


4 - 



J 


dr 


where 


And, since 


/ 


w 


2 


hj + 


V 


w, = W2, 


Dividing Eq. (5.7) by 


dm 

dr 


Yl 

2 


\ 




dW^ 
+ ‘ ^ 


/ 


k = u^ pv. 



W = W^=W2 


dr 


dm 


(5.7) 




2 





dm 


V 


2 


*2 + , ^2? ■•■ 


2 


d»; 

dm 


(S.8) 


Equations (5.7) and (5.8) are known as steady flow energy equations 


(S.F.E.EOi for a singie stream of fluid 

the control volume. All the terms in Eq. (5. 
of fluid (J/kg) whereas all the terais in Eq. (5.7) represent 




flow per unit 


time (J/kg). The basis of ener^ Oow per unit mass is usuiUy more convement 
when only a single stream of fluid enters and leaves a control volume. When more 
than one fluid stream is involved the basis of energy flow per unit time is more 
convenient 


Equation (5.8) can be written in 



2 


2 


g-r, = (A,-A.)+ ' +g(Z 2 -Z.) 


2 


(5.9) 


where Q and refer to energy transfer per unit mass. In the differential form, 
the SFEE becomes 


.T- “htli- rt 


Thu^ 
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= VdV ^gdZ 


(5 . 10 ) 


When more than one stream of fluid enters or leaves the control volume 
(Fig. 5.3), the mass balance and energy balance for steady flow are given below. 




Fig* 5«3 Steady flow procets involning two fluid streams at the 

inlet and exit of the control volume 


Mass balance 

Wj + W2 = Wj + W4 


Energy balance 









(5.11) 

(5.12) 






The steady flow energy equation applies to a wide variety of processes like 
pipe line flows, heat transfer processes, mechanical power generation in engines 
and turbines, combustion processes, and flows through nozzles and diffusors. In 
certain problems, some of the terms in steady flow energy equation may be 
negligible or zero. But it is best to write the full equation first, and then eliminate 
the terms which are unnecessary. 


5.4 Some Examples of Steady Flow Processes 

The following examples illustrate the applications of the steady flow energy 
equation in some of the engineering systems. 

5.4.1 Nozzle and 

A nozzle is a device which increases the velocity or K.E. of a fluid at the expense 
of its pressure drop, whereas a diffusor increases the pressure of a fluid at the 
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expense of its K.B. Figure 5.4 shows a nozzle which is insulated. The steady flow 
energy equation of the control surface gives 




Fig. 5A 


Steady flow proem involving one fluid stream al 
the i^et and at exit of the control nolumt 


Here 




0, 


dm 


0, and the change in potential energy is zero. 


The equation reduces to 




2 


2 


+ 


V 


2 

2 


2 


(5.14) 


The continuity equation gives 


w 




^2 
^2 


(5.15) 


When the inlet velocity or the Velocity of approach* V | is small compared to 


the exit velocity V 2 , Eq. (5.14) becomes 


2 


h^ =* 2 + 


or V 2 = - A 2 ) m/s 

where (A, “ A 2 ) is in J/kg. 

Equations (5.14) and (5.15) hold good for a diffiisor as well. 


5,4,2 Th rottling 

When a fluid flows through a constricted passage, like a partially opened valve, 
an orifice, or a porous plug, there is an appreciable drop in pressure, and the flow 
is said to be throttled. Figure 5.5 shows the process of throttling by a partially 
opened valve on a fluid flowing in an insulated pipe. In the steady-flow energy 

Eq. (5.8), 


r 


rr- :nhtl: h 
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i^=o.i»^=o 

dm dm 



Fig^ 5.5 Flow through a oaloc 


and the changes in P.E. are very small and ignored. Thus the S.F.E.E. reduces to 




2 


1 


h. + 


2 


2 


2 


Often the pipe velocities in throttling are so low that the K.E.tenns are also 
negligible. So 


(5.16) 

or the enthalpy of the fluid before throttling is equal to the enthalpy of the fluid 
after throttling. 


5,4*3 Turbine and Compressor 

Turbines and engines give positive power output, whereas compressors and 
pumps require power input. 

For a turbine (Fig. 5.6) which is well insulated, the flow velocities are often 
small, and the K.E. terms can be neglected. The S.F.E.E. then becomes 



Urhebc-MO-'^htlich 



Fig. 5.6 Flow through a turbine 
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k 


i 


dm 


w: 


or 


m 


(h, - h^) 


It is seen that work is done by the fluid at the expense of its enthalpy. 
Similarly, for an adiabatic pump or compressor, work is done upon the fluid 
and iris negative. So the S.FX.E. becomes 


h 


1 


h 


W. 


z 


m 


or 


W. 


X 


m 


h,-h. 


The enthalpy of the fluid increases by the amount of work input. 


5 A A Heat Exchanger 

A heat exchanger is a device in which heat is transferred from one fluid to another. 
Figure 5.7 shows a steam condenser, where steam condensers outside the tubes 
and cooling water flows through the tubes. The S.F.E.E. for the C.S. gives 
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Fig. 5.7 Steam condenser 


W. /i I + w. A 


c 


i"2 




or w^{A2 - h^)yv^(h^-h{) 

Here the K.E. and P.E. tenns are considered small* there is no external work 

done, and energy exchange in the form of heat is confined only between the two 

fluids, i.e.* there is no external heat interaction or heat loss. 

Figure 5.8 shows a steam desuperheater where the temperature of the 
superheated steam is reduced by spraying water. If W|, 1 V 2 , and Wj are the mass 
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flow rates of the injected water^ of the steam entering, and of the steam leaving, 
respectively, and and are the cotresponding enthalpies, and if K.E, and 
P,E* terms are neglected as before, the S.F.E.E. becomes 

W^h\ ^ W2/f2 ” ^3^3 

and the mass balance gives 

Wl + Wj = Wj 


Water 



High temperature steam 





Rg* 5,8 Steam 



5.5 Compaiisoii of S J'.E.E. with Euler and 

Bemonlli Equations 


The steady flow energy Eq, (5.8) can be written as 


M =(/, A) + + 

am 2 

In the differential form the S,F.E.£. becomes 


dm 


d:0 = dA +VdV ^‘gdZ + dlf; (5.17) 

where d Q and d refer to unit mass of the substance. Since h = u + pv and 

dQ= dr# + p6v (for a quasi-static path involving only pdn-work), Eq. (5,17) can 
be written as 


du + /«iV - di# +/MiV + Vdp -H VdV + gdZ + dl^. 

For an invtscid fnctionless fluid flowing through a pipe 

Vd;>f'VdV + gdZ = 0 (5.18) 
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This is the Euier equation. If we integrate between two sections I and 2 of the 
pipe 

2 2 1 

Jvdp +|vdV + |«dZ =0 

I L I 

For an incompressible fluid, v = constant 

v(p2"/?i)++g(2^2-2,)^0 <5J9) 

Since the specific volume v is the reciprocal of the density p, we have 





+ Zg = constant 



(5.20) 

(5.21) 


This is known as the Bernoulli equation^ which is valid for an in vise id 
incompressible fluid. It can also be expressed in the following form 



where v is constant and A (...) means "increase in... 

The S.F.E.E. asgivenby Eq. (5.18) or Eq. (5,17) can be written with (t/+pp) 
substituted for as follows; 



A comparison of Eqs (5.22) and (5.23) shows that they have several terms in 
common. However, while the Bernoulli equation is restricted to frictionlcss 
incompressible fluids, the S.F.E.E. is not, and is valid for viscous compressible 
fluids as well. The Bernoulli equation is, therefore, a special limiting case of the 
more general steady flow energy equation. 


5.6 Variable Flew Processes 


Many flow processes, such as filling up and evacuating gas cylinders, are not 
steady. Such processes can be analyzed by the control volume technique. 
Consider a device through which a fluid is flowing under non-steady state 
conditions (Fig. 5.9). The rate at which the mass of fluid within the control volume 
is accumulated as equal to the net rate of mass flow across the control surface, as 


given below 


dm 


V 


dm 


dr 


IV 
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1 


dm 


2 


2 


dr 


dr 


(5.24) 


where my is the mass of fluid within the control volume at any instant 
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Over any finite period of time 

Amy = A/7)( - Amj 



Fig. 5.9 VariabU JIow pro£e£i 



Tlfe rate of accumulation of energy within the control volume is equal to the 


net rate of energy flow across the control surface. If Ey is the energy of fluid 
within the control volume at any instant. 

Rate of energy increase = Rate of energy inflow - Rate of energy outflow 
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where m is the mass of fluid in the control volume at any instant. 
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(5.26) 


(5.27) 


Figure 5.10 shows all these energy flux quantities. For any finite time interval, 

equation (5. 
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First Law Applied to Flow Processes 





or dfv = d0- dFFjt or, dfi = d£ + d 

as obtained earlier. 


5*7 Example of a Vajriable Flow Problem 

Variable flow processes may be analyzed cither by the system technique or the 
control volume technique, as illutrated below. 

Consider a process in which a gas bottle is filled from a pipeline (Fig* 5.11 )* In 
the beginning the bottle contains gas of mass m ^ at statepi, and , The 

valve is opened and gas flows into the bottle till the mass of in the bottle is m 2 
at state /? 2 i h* ^2 * ^2 The supply to the pipeline is very large so that the 

state of gas in the pipeline is constant at Vp, Ap, Up, and , 

System Technique Assume an envelope (which is extensible) of gas in the 
pipeline and the tube which would eventually enter the bottle, as shown in 

Fig. 5*1 K 
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Rg* 5Jl BotUe-filling process 


Energy of the gas before filling 


£j = + (/«2- Wi) 


/ X72 

p 


V 




V 


2 


/ 


where (rrij - m^) is the mass of gas in the pipeline and tube which would enter the 
bottle. 

Energy of the gas after filling 


£^2 “ ^2^2 


AE = E2-E 


I = ^2^2 


mjUj +(^2 -m^) 


fy2 \ 

2 ^ i 

\ >J 


(5.29) 


•» 

The P.E. terms are neglected: The gas in the bottle is not in motion, and so the 
ICE. terms have been omitted* 

Now, there is a change in the volume of gas because of the collapse of the 
envelope to zero volume. Then the work done 

/'dIO - (mj “ '"l 


(l«2-m,)ppW„ 


Using the first law for the process 

Q = AE+W 
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(5.30) 


which gives the energy balance for the process. 


Control Volume Technique Assume a control volume bounded by a control 
surface, as shown in Fig* 5*1 L Applying the energy Eq. (5*27) to this case, the 
following energy balance may be w ritten on a time rate basis 
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dm 

dr 
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Since.are constant, the equation is integrated to give for the total 


process 
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/ 
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This equation is the same as Eq. (5.30), 

If = 0, i-e., the bottle is initially evacuated. 
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Again, if 0 = 0 and h 
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Thus* flow woric (/?pi?p) is converted to increase in molecular internal energy 


(t^2 - V 


If the gas is assumed ideal* 


or* 


Cy T 2 
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rl 
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ifr. 
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27 + 273 = 300 K, then for air 


T 


or, 


t 


2 

1 

2 


1.4 X 300 = 420 K 

147^C 


Therefore, in adiabatically filling a bottle with air at 27^C* the gas temperature 
rises to 147®C due to the flow work being converted to internal energy increase. 


5S 





a 



Let us consider a tank discharging a fluid into a supply line (Fig. 5.12). Since 


d = 0 and = 0, applying first law to the control volume, 
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+ gz 


dm 
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(5.31) 




Assuming FLE. and P,E* of the fluid to be small and d 0 = 0 


r 


I 


IT- -“htlrf 
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d(mt/) = kdm 

mdw + udm = udm + pv dm 

dm ^ 
m 

V-vm^ const, 
ndm + mdv = 0 



From Eqs (5.32) and (5.33), 


du 

pv ^ 

d(i/ + pv) = 0 




or 


dQ = 0 


which shows that the process is adiabatic and quasi*static 


For charging the tank 
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(5.34) 


where the subscript/? refers to the constant state of the 



in the pipeline. If the 


tank is initially empty, m 


1 





p 


0 . 

1*12^2 


Since 


OTp ” ntj 
^ = «2 

Enthalpy is converted to internal energy. 
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I 



If the fluid is an ideal gas^ the temperature of the gas in the tank after it is 
charged is given by 






Example 5,1 Air flows steadily at die rate of 0,5 kg/s 


air com' 


pressor 




, and 0.95 m 



leaving at 5 m/s, 700 kPa, and 0*19 m /kg* The internal energy of the air leaving 
is 90 kJ/kg greater than that of the air entering. Cooling water in the compressor 
jackets absorbs heat from the air at the rate of 58 kW. (a) Compute the rate of 

shaft work input to the air in kW, (b) Find the ratio of the inlet pipe diameter to 
outlet pipe diameter. 

Solution Figure Ex. 5.1 shows the detai Is of the problem. 



= too XPa 


= 0.95 m^/kg 




Air CompnesEor 
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V^2 = 
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pj = 0.1i m'^/kg 




iJ^ = (Ui + 90)l(J/kg 


Q^^56kW 


Fig 
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Rate of work input is 122 kW. 

(b) From mass balance, we have 
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Ans. (b) 


2 


Example 5J1 In a steady flow apparatus, i 35 kJ of work i s done by each kg of 

fluid. The specific volume of the fluid, pressure, and velocity at the inlet are 
0.37 m^/kg, 600 kPa, and 16 m/s. The inlet is 32 m above the floor, and the 

discharge pipe is at floor level. The discharge conditions are 0.62 m"/kg, 100 kPa, 
and 270 m/s. The total heat loss between the inlet and discharge is 9 kJ /kg of 
fluid. In flowing through this apparatus, does the specific internal energy increase 
or decrease, and by how much? 

Solution Writing the steady flow energy equation for the control volume, as 
shown in Fig. Ex. 5.2. 


Vt = 0.37 

Pi = 600 kPa 

= 16 iti/a 


Zi = 32 m 




C.S. 


C.V. 


V/= 135y 


1 



V2 = 0.62 m 
p2 - 100 ItPs 

Vz = 270 m/s 

2z = 0 



O=-9.0 


Fig. Ex. 5J2 
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dm 


dg 

dm 
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ex 0.37) X 10^ + -^ 
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16")xl0 


^3 


2 


+ {-32x9.81 X 10“^) + 135-(-9.0) 
= -160 + 36.45 - 0,314 + 135 + 9 

= 20.136 kJ/kg 

Specific internal energy decreases by 20.136 kJ, 
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Example 5 J In a steam power station^ steam flows stedily through a 0.2 m 

diameter pipeline from the boiler to the turbine. At the boiler end^ the steam 
conditions are found to be;p = 4 MPa, t =400®C, A = 3213*6 kJ/kg, and v = 0.073 
m^/kg. At the turbine end, the conditions are found to be:p=3*5 MPa> f=392®C, 
h = 3202.6 kJ/kg, and v = 0*084 m^/kg* There is a heat 1 oss of 8.5 kJ/ kg from the 
pipeline- Calculate the steam flow rate* 

Solution Wriling the steady flow energy equation for the control volume as 
shown in Fig! Ex* 5.3 
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Fig, Ex* 5,3 




* * 



= 2*5 kJ/kg 

Vf{I.15^-l-) = 5x 10* 

15,650 m^/s^ 

V, = 125.1 m/s 

^ V — X (0.2)^ X125.1 m/s 

Mass flow rate w = *-* = - = - 

II, 0.073 m’/kg 

= 53.8 kg/s 
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Example 5,4 A certain water heater operates under steady flow conditions 
receiving 42 kg/s of water at 75®C teniperature, enthalpy 313*93 kJ/kg, The 
water is heated by mixing with steam which is supplied to the heater.at 
temperature 100*2®C and enthalpy 2676 kJ/kg* The mixture l^ves the heai^as 


liquid water at temperature 


C and enthalpy 419 kJ/kg* How much steam 


must be supplied to the heater per hour? 

So/ufton By mass balance across the control surface (Fig. Ex, 5,4) 


Wi+W2 = H'3 


Water 


W2- 

Steam 



C.5, 


By energy balance 


w, Ai + 
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Mixture 


Fig. Ex. 5.4 
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+ —— + Wj ^2 “IT" 
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wj Aj + 


Yi 
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-h 



+ 




dt 


By the nature of the process, there is no shaft work. Potential and kinetic 
energy terms are assumed to balance zero* The heater is assumed to be insulated* 
So the steady flow enerev eauation reduces to 




WjA, 


42 X 313,93 + wj X 2676 = (4.2 + Wj) 

W 2 = 0.196 kg/s 
- 705 kg/h 




Examp] e 5,5 Air at a temperature of ] S^C passes through a beat exchanger at 
a velocity of 30 m/s where ite terapmture is raised to 800®C. It then enters a 
turbine with the \ ™ : V , V ^ — 

650°C. On leaving the turbine, the air is taken at a velocity of 60 m/s to a nozzle 
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where it expands until the temperatiiie has fallen to 500®C. If the air flow rale is 
2 kg/s, calculate (a) the rate of heat transfer to the air in the heat exc hanger, (b) 
the power output from the turbine assuming no heat tes, and (c) iie velocity at 


exit from the nozzle, assuming no heat loss. Take the 


of air as A 


where is the specific heat equal to 1.005 kJ/kg K and t the temperature. 
Solution As shown in Fig. Ex. 5.5, writing the S.F.E.E. for the heat exci 
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t, = 15*C.^| = S0O *C 
y/i 30 nVs, V; = 30 m/s 

ta = eSO^C, Va = 60 mte 
t, = 5WC.V4 = 7 


Turbine 
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Fig. Ex, 5,5 


Energy equation for the turbine gives 


2 


+ h 


^^2 


V? 


2 


(30 


60^)x 


2 


n 

wAi + w— 

2 




+ (* 2 -/ 13 ) 


“3 


+ 1.005 


650 ) = Wj/w 


W. 


w 
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149.4 kJ/kg 
149.4 X 2 kJ/s 
298.8 kW 


Ans. (b) 
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Writing the energy equation for the nozzle 
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+ h 
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+ A 


- ^4) 
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V 


1.005 (6S0-500)x2x 10 

301.50x 10^ 


V 4 ^ = 30.15x 10^ + 0.36x 10 
= 30.51 X lO‘‘mV 


Velocity at exit from the nozzle 

V4 = 554m/s 


Arts, (c) 


Example 5^16 The air speed of a turbojet engine in flight is 270 m/s. Ambient 


air temperature is 


Gas temperature at outlet of nozzle is 600^C. 


Corresponding enthalpy values for air and gas are respectively 260 and 
912 kJ/kg* Fuel-air ratio is 0.0190. Chemical energy of the fuel is 44.5 MJ /kg. 
Owing to incomplete combustion 5% of the chemical energy is not released in the 
reaction. Heat loss from the engine is 2 1 kJ/kg of air. Calculate the veiocity of the 

exhaust j ct. 


Solution Energy equation for the turbojet engine (Fig. Ex. 5.6) gives 
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Fig. Ex. 5.6 
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PV 




^ = 156 x10^ mV 

2 
* ■ 

Vg = >/3n’ X lOOin/s 

Velocity of exhaust gas, = 560 m/s Arts. 

Example 5.7 In a reciprocating engine, ihe mass of gas occuping the clearance 

volume is i?ic kg at state/?|, Ui,Vi and hi. By opening the inlet valve, nr ^ kg of gas 
is taken into the cylinder, and at the conclusion of the intake process the state of 
the gas is given byp 2 j ^ 2 - slate ofthe gas in the supply pipe is constant 
and is given by Wp, i^p, Vp, How much heat is transferred between the gas 
and the cylinder walls during the intake process? 

Solution Let us consider the control volume as shown in Fig. Ex. 5.7. Writing 
the energy balance on a time rate basis 



Gas inlet • 



Valve 


C.S. 



O 



@ 

Fig. Ex. 5.7 




With Ap and Vp being constant, the above equation can be integrated to give for 
the total process 





Example 5.8 The internal energy of air is given by 

w = Up + 0,718/ 

where u is in kJ/kg, is any arbitrary value of u at O^C, kJ/kg, and / is the 

temperature in *C. Also for air,p^ = 0.287 (r + 273), where/? is in kPa and V is in 
m^/kg. 
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A mass of air is stirred by a paddle wheel m an insulaied co 
The velocities due to stirring make a negligible contribution to the inteinal energy 
of the air. Air flows out through a small valve in the tank at a rate controlled to 
keep the temperature in the tank constant. At a certain instant the conditions are 
as follows: tank volume 0.12 pressure 1 MPa, temperature 150X, and power 
to paddle wheel 0.1 kW. Find the rate of flow of air out of the tank at this instant. 
Solution Writing the energy balance for the control volume as shown in 

Fig. Ex* 5*8 



Fig* Ex* 5*8 


Since there is no change in internal energy of air in the tank. 


h = 

^ dr ~ dT 

where Ap = u + pv. 

Let w = Oatt=OA‘=-273®C 

u = 0*718 t 

0 = «o +0.718 (-273) 

0*718 X 273 kJ/kg 

Atf“C 

u = 0.718x273 +0*718 f 
= 0.718 X (/ + 273) kJ/kg 
Ap = 0*718 {/ + 273) + 0.287 (i + 273) 
or Ap= 1*005 {f +273) 

At 150X 

Ap = 1.005 X 423 

= 425 kJ/kg 

dw 1 dW 
dT hj, dr 

■ ' rr :nhtl; h ^ : ciiui- - ’ -ri 
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0.1 kJ/s 
425 kj/k 
0. S4S kg/h 


0.236 X 10’^ kg/s 



This is the rate at which air flows out of the tank* 

Example 5S A welUinsulated vessel of volume V c ontains a gas at pressure 
and temperature . The gas flom a mam at a uniform temperature 1 1 is 
into the vessel and the inflow rate decreases exponentially with time according to 



m 


where is a constant* 



gas in the vessel as a function of time. Neglect the K.E. of the gas entering the 
vessel and assume that the gas follows the relation 

pv = RTt where T^t + 273 

and its specific heats are constant 

(i) If the vessel was initially evacuated, show that the temperature inside the 


vessel is mdependent of time, 
(ii) Determiae the charging time 
that of the main. 



pressure inside the vessel reaches 


Solution Since the vessel is welt-insulated, Q 
transfer, W=C. Therefore, 



there i s no external work 
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where /* i is the enthalpy of the gas in the main* 


On integration. 
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where £o is the initial energy of the vessel at the beginning of the 
process, i.e* £=£o ^ Neglecting K*E, and P.E, changes, by energy balance 
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On integration, 
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where M„ is the initial mass of the gas. Eliminatisg M from Eqs (1) and (2), 
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The above two equations show the temperature and pressure of the gas in the 
vessel m functions of time, 

(i) If Mq- T- yT], i,e,, the temperature inside the vessel becomes 
independent of time and is equal to yTj throu^out the charging process. 


(ii) 





of the main. The 
pressure relation 



ing time c^ be found by setting p = in the 
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By rearrangement. 
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5.1 

5.2 

5.3 


5.4 

5.5 

5.6 

5.7 

5.8 

5.9 

5.10 

5.11 


Explain the system approach and the control volume approach in the analysis of 
a flow process. 



IS a steady flow process? What is steady stole? 

Write the steady flow et^rgy equation for a single stream cnteiiog and a single 
stream leaving a control volume and explain the various terms in it. 

Give the diflerKitial form of the S,F,E,E. 


Under what conditions does the S.F.E.E. reduce to Eulcr\ equation? 

How does Bernoulli's equation compare with S.F.E.E.? 

What will be the velocity ofa fluid leaving a nozzle, if the velocity of approach is 
very small? 

Show that the enthalpy of a fluid before throttling is cqua I to that after throttling. 
Write the general energy equal ion for a variable flow process. 

What is the system technique in a bottle-filling process? 

Explain the control volume technique in a variable flow process. 
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Problems 


5.1 A blower handles 1 kg/s of air at 20°C and consumes a power of IS kW, The inlet 

and outlet velocities of air are 100 m/s and 150 m/s respectively. Find the exit air 
temperature, assuming adiabatic conditions. Take of air as L005 kJ/kg*K. 

Ans. 283S^C 

5.2 A turbine operates under steady flow conditions, receiving steam at the following 
state: pressure L2 MPa, temperature 188°C, enthalpy 2785 kJ/kg, velocity 
33.S m/s and elevation 3 m. The steam leaves the turbine at the following state: 
pressure 20 kPa, enthalpy 25 1 2 kJ/kg, velocity t DO m/s, and elevation 0 m. Heat 
is lost to the surroundings at the rate of 0.29 kJ/s. If the rate of steam flow through 

the turbine is 0.42 kg/s, what is the power output of the turbine in kW? 

Ans, 112,51 kW 





A nozzle is a device for increasing the velocity of a steadily flowing stream. At 

the inlet to a certain nozzle, the enthalpy of the fluid passing is JOOO kJ/kg and 

the velocity is 60 m/s. At the discharge end, the enthalpy is 2762 kJ/kg. The 

nozzle is horizontal and there is negligible heat loss from it. (a) Find the velocity 

2 

at exit from the nozzle, f b) If the inlet area is 0.1 m and the specific volume at 


inlet is 0.187 m^/kg, find the mass flow rate, (c) If the specific volume at the 
nozzle exit is 0,498 m^/kg, find the exit area of the nozzle. 

Ans. (a) 692,5 m/$, (b) 32,08 kg/s (c) 0,023 

In an oil cooler, oil flows steadily through a bundle of metal tubes submerged in 
a steady steam of colling water. Under steady flow conditions, the oil enters at 
90“C and leaves at 30°C, while the water enters at 25*C and leaves at 70^C. The 

enthalpy of oil at t®C is given by 

/t = 1.6Br+ 10,5 X io Vy/kg 

What is the cooling water flow required for cooling 2,78 kg/s of oil? 

Ans, 1,473 kg/s 

A thermoelectric generator consists of a series of semiconductor elements 
(Fig, P. 5.5), heated on one side and cooled on the other. Electric current flow is 
produced as a result of energy transfer as heat. In a particular experiment the 
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current was measured to be 0.5 amp an d the electrostatic potential at (I) was 0,8 
volt above that at (2)* Energy transfer as heat to the hot side of the genorator was 

taking place at a rate of 5.5 watts. DeiermiDe the rate of energy transfer as heat 
from the cold side and the energy conversion efficiency. 

Ans. Qi - 5*1 watts^ JJ “ 0*073 

5*6 A turbocompTCssor delivers 2.33 m^/s of air at 0,276 MPa, 43''C which is heated 

at this pressure to 43OX and finally expanded in a turbine which delivers 
1860 kW. [hiring the expansion, there is a heat transfer of 0.09 MJ/s to the 
surroundings* Calculate the turbine exhaust teunperatuie if changes in kinetic 
and potential energy are negligible. Take = 1.005 kj/kgK 

Arts. 157X 

5*7 A reciprocating air compressor takes in 2 mVmin at 0.11 MPa, 20°C which it 

delivers at 1.5 MPa, 111°C to an aOcrcooler where the air is cooled at constant 

pressure to 25°C* The power absorbed by the compressor is 4.15 kW. Deicrmine 

the heat transfer in (a) the compressor, and (b) the cooler State yotar assumptions* 

Ans. - 0.17 kJ/s, - 3.76 kJ/s. 
5.B In a water cooling tower air enters at a height of I m above the ground level and 

leaves at a height of 7 m. The inlet and outlet velocities are 20 m/s and 30 m/s 

respectively. Water enters at a height of 3 m and leaves at a height of 0*8 m. The 

velocity of water at entry and exit are 3 m/s and 1 m/s respectively. Water 
temperatures arc 80*^C and 50*^0 at the entry and exit respectively* Air 

temperatures arc 30°C and 70°C at the entty and exit respectively. The colling 
tower is well insulated and a fan of 2*25 kW drives the air through the cooler* 

Find the amount of air per second lec^yired for I kg/s of water flow. The values of 
Cp of air and water are 1.005 and 4.18 7/kg K respccthxly. 

AfjSr 3.16 kg 

5.9 Air at 101.325 kPa, 20"C is taken into a gas turbine power plant at a velocity of 

140 m/s through an opening of 0.15 cross-sectional area. The air is 
compressed heated, expanded throu^ a turbine, and exhausted at OJS MPa, 
150^0 Ihrougli an opening of 0.10 m" ciossr^ctional area. The power output is 
375 kW. Calculate the net amount of heat added to the air in kJ/kg. Assume that 
air obeys the law pv - 0*287 (t 273) wheie p is the pressure in kPa v is the 
specific volume in m^/kg, and t is the tempeiature in Take Cp LOOS kJ/kg K. 

Ans. 150*23 kj/kg 

5.10 A gas flows steadily through a rotary compressor* The gas enters the compressor 

at a temperature of 16X, a prtesuie of 100 kPa, and an enthalpy of 391*2 kJ^kg* 
The gas leaves the compressor at a temperature of245“C, a pressure of 0.6 MPa, 
and an enthalpy of534*5 kJ/kg. There is no heat transfer to or from the gas as it 
flows through the compressor, (a) Evaluate the external work done per unit mass 

of gas assuming the gas velocities at entry and exit to be negligible, (b) Evaluate 

the external w'ork done per unit mass of gas when the gas velocity at entry is 
SO m/s and that at exit is 160 m/s. 

Ans. 143.3 kJ/kg, 152.9 kJ/kg 

5.11 The steam supply to an engine comprises two streams which mix before entering 

the engine. One stream is supplied at the rate of 0.01 kg/s with an enthalpy of 
2952 kJ/kg and a velocity of 20 m/s. The other stream is supplied at the rate of 
0*1 kg/s with an enthalpy of 2569 kJ/kg and a velocit)' of 120 m/s. At the exit 
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from the engine the fluid leaver as two strcaras* one of water at the rate of 0.001 
kg/s with an enthalpy of420 kJ/kg and the other of steam; the fluid velocities at 
the exit are negligible. The engine develops a shaft power of 25 kW. The heat 
transfer is negligible. Evaluate the enthalpy of the second exit stream. 

Ans. 2401 kJ/kg 

5.12 The stream of air and gasoline vapour, in the ratio of 14; 1 by mass, enters a 

gasoline engine at a temperature of 30'^C and leaves as combustion products at a 
temperature of 790®C. The engine has a specific fuel coc^umption of 

0.3 kg/kWh, The net heat transfer rate &om the fiiebair steam to the jacket 

cooling water and to the surroundings is 35 kW. The shaft power delivered by the 
engine is 26 kW. Compute the increase in the specific enthalpy of the fuel-air 
stream, assuming the changes in kinetic energy and in elevation to be negligible. 

Am, - 1877 kJ/kg mixture 

5.13 An air tuibine forms part of an aircraft refrigerating plant. Air at a pressure of 

295 kPa and a rempemture of S8®C flows steadily into the turbine with a velocity 
of 45 m/s. The air leaves the turbine at a pressure of 115 kPa, a temperature of 


5.14 


2®C, and a velocity of 150 m/s. The 



work delivered by the turbine is 


54 kJ/kg of air. Neglecting changes in elevation, determine the magnitude and 
sign of the heat transfer per unit mass of air flowing. For air, take c 


1 . 



kJ/kg K and the enthalpy h 




Cp r. 


4- 7.96 kJ/kg 

Inaturbomachinehandlingan incompressible fluid with a density of 1000 kg/m^ 
the conditions of the fluid at (he rotor entry and exit are as given below 


Pressure 

Velocity 


Inlet 

I.IS MPa 
30 m/s 

10 m 


Exit 

0.05 MPa 
15.5 m/s 
2m 

3 


Height above datum 

If the volume flow rate of the fluid is 40 m^/s, estimate the net energy transfer 
from the fluid as work. 

Am. 60.3 MW 

5.15 A room for four persons has two fans, each consuming 0.18 kW power, and three 

W lamps. Ventilation air at the rate of 80 kg/h enters with an enthalpy of 
84 kJ/kg and leaves with an enthalpy of 59 kJ/kg. If each person puts out heat at 
the rate of630 kg/h determine the rate at which heat is to be removed by a room 



cooler, so that a steady state is maintained in the room. 


Am. 1.92 kW 


5.16 Air flows steadily at the rate of 0.4 kg/s through an air compressor, entering at 

6 m/s with a pressure of I bar and a specific volume of 0^85 m^/kg, and leaving at 
4.5 m/s with a pressure of 6.9 bar and a specific volume of 0.16 m^/kg. The 
internal energy of the air lea\i ng is 88 ki/kg greater than that of the ai r entering. 
Cooling water in a jacket, surrounding the cylinder absorbs heat from the air at 
the rate of 59 W. Calculate the power required to drive the compressor and the 
inlet and outlet cross-sectional areas. 

{Ans. 45.4 kW, 0.057 m^, 0.0142 m^) 

Steam flowing in a pipeline is at a steady state represented bypp, t^, Pp, hp and 

Vp, A small amount of the total flow is led through a small tube to an evacuated 
chamber which is allowed to fill slowly until the pressure is equal to the pipeline 



5.17 



pressure. If there is no heat transfer, derive an expression for the final specific 
intemal energ>' in the chamber^ in terms of the properties in the pipeline. 

5. i 8 The intemal en^gy of air is given, at ordinary temperatures, by 

w + 0.718 f 

wlicre u is in kJ/kg, Uq is any arbitrary value of u at O^C, kJ/kg, and i is 

temperature in “C. 

Also for air, pv = 0287 (r + 273) 
where is in kPa and v is in m^/kg. 

(a) An evacuated bottle is fitted with a valve through which air from the 


atmosphere, at 760 rani Hg 


is allowed to flow slowly to fill the 


bottle. If no heat is transferred to or from die air in the bottle, what wi 11 its 
temperature be when the pressure in the bottle reaches 760 mm Hg? 

Ans. 144.2“C 

(b) If the bottle initially contains 0.03 of air at 400 mm Hg and what 
will the temperature be when the pressure in the bottle reaches 760 mm Hg? 

Ans. 71.6“C 

5.10 A pressure cylinder of volume V contains air at pressureand temperature Fp. It 

is to be filled from a compressed air line maintained at constant pressure and 
temperature T^, Show that the temperanire of the air in the cylinder after it has 
been charged to the pressure of the line is given by 


T 


IT, 


1 + 


P\ 


r 




5.20 A small icciprocating vacuum pump having the rale of volume displacement 

is used to evacuate a large vessel of volume K. The air in the vessel is maintained 
at a constant temperature T by energy trans^ as heat. If the initial and final 

pressures arepi andp^ respectively, find the time taken for the pressure drop and 

the necessary energy transfer as heat during evacuation. Assume that for air, 

pV= mRT^ where m is the mass and is a constant, and u is a function of T only. 


[Hint: dm 


Lin^-Q 


K 




P2 


[Hint: dm - -pi V^ dtyiRT} - l^dp/iRT)]. 

5.21 A tank containing 45 kg of water initially at 45 has one inlet and one exit with 

equal mass flow rates. Liquid water enters at 45 °C and a mass flow rate of 270 
kg/h. A cooling coil immersed in the water removes energy at a rate of 7.6 kW. 

The water is wel I mixed by a paddle wheel with a power input of 0.6 kW. The 
pressures at inlet and exit arc equal. Ignoring changes in KE and PE, find the 
variation of water temperature with time. 

Ans. r=318-22[l -exp{-60] 

5.22 A rigid lank of volume 0.5 is initially evacuated. A tiny hole develops in the 

wall, and air from the surroundings at I bar, 2 PC leaks in. Eventually, the 
pressure in the tank reaches 1 bar. The process occurs slowly enough that heat 
transfer between the tank and the surroundings keeps the temperature of the air 
inside the tank constant at 21 °C. Determine the amount of heat transfer. 

yfns. - 50 kJ 


Second Law of 

Thermodynamics 


6.1 Qualitative Difference between Heat and Work 


The first law of thermodynamics states that a certain energy balance will bold 
when a system undergoes a change of state or a thermodynamic process. But it 
does not give any information on whether that change of state or the process is at 
all feasible or not. The Rrst law cannot indicate whether a metallic bar of uniform 
temperature can spontaneously become warmer at one end and cooler at the other. 

All that the law can state is that if this process did occur, the energy gained by one 

end would be exactly equal to that lost by the other. It is the second law of 

thermodynamics which provides the criterion as to the probability of various 


processes. 

Sfiontaneous processes in nature occur only in one direction. Heat always 
flows from a body at a higher temperature to a body at a lower temperature, water 
always flows downward, time always flows in the forward direction. The reverse 
of these never happens spontaneously. The spontaneity of the process is due to a 
finite driving potential, sometimes called the Torce^ or the ^cause', and what 

happens is called the *fiux\ the 'current' or the ‘effect'. The typical forces like 
temperature gradient, concentration gradient, and electric potential gradient, have 
their respective conjugate fluxes of heat transfer, mass transfer, and flow of 
electric current. These transfer processes can never spontaneously occur from a 
lower to a higher poCentiaL This directional law puts a limitation on energy 

transformation other than that imposed by the first law. 

Joule's experiments (Article 4.1) amply demonstrate that energy, when 
supplied to a system in the form of work, can be completely converted into heat 
(work transfer —> internal energy increase heat transfer). But the complete 
conversion of heat into work in a cycle is not possible. So heat and worJt are not 
completely interchangeable forms of energy. 
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mics 


When work is converted into heat, we always have 


w 



Q 


but when heat is converted into work in a complete closed cycle process 

qA w 

The arrow indicates the direction of energy transformation. This is illustrated 
in Fig, 6,1. As shown in Fig. 6.1(a), a system is taken from state 1 to slate 2 by 
work transfer and then by heat transfer system is brought back 

from state 2 to state J to complete a cycle. It is always found that = ft-i' 
But if the system is taken from state 1 to state 2 by heat transfer gj _ 2 , as shown in 
Fig. 6.1 (b), then the system canot be brought back from state 2 to state I by work 

transfer 1^2-1' Hence, heat cannot be converted completely and continuously into 

work in a cycle. Some heat has to be rej ected. I n Fi g. 6,1 (b), W is the work 
done and Q 2 _j is the heat rejected to complete the eye le. TMs underlies the work 
of Sadi Camot, a French military engineer, who first studied this aspect of energy 
transformation (1824). Work is said to be a high grade energy and heat a hw 
grade energy. The campiete con version of low grade energy into high grade 
energy in a cycle is impossible. 
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Fig. 6,1 QuaUiutm disUndwn between htat and wf^rk 


6.2 Cyclic Heat Engine 

For engineering purposes, the second law is best expressed in terms of the 

conditions which govern the production of work by a thermodynamic system 

operating in a cycle, 

A heat engine cycle is a thermodynamic cycle in which there is a net heat 

transfer to the system and a net work transfer/noiw the system. The system which 
executes a heat engine cycle is called a heat engine. 

A heat engine may be in the form of a mass of gas confined in a cylinder and 
piston machine (Fig. 6,2a) or a mass of water moving in a 
steam power plant (Fig, 6,2b). 

In the cyclic J'^eat engine, as represented in Fig. 6,2(a), heat Q^ is transferred to 
the system, work tFf: is done by the system, work is done upon the system, and 
then heat Q 2 is rejected from the syster" The system is brought back to the mitial 
state through all these four successive processes which constitute a heat engine 
cycle. In Fig. 6.2(b) lieai gj is transferred from the furnace to the water in the 
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boiler to form steam which then works on the turbine rotor to produce work Wj, 
then the steam is condensed to water in the condenser in which an amount is 


rejected from the system, and finally work is done on the system (water) to 

pump it to the boiler. Tlie system repeats the cycle. 
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Fig. €.2 Cyclic fuat en^nt 

(a) Heat erigine cycle performed by a closed system undergoing fou r suceessim energy 
interactions with the surrour^ings 

(b) Heat en^nt cycle performed by a steady flow system interacting with the 
suTToundingy as shown 


The net heat transfer in a cycle to either of the heat engines 
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net 
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Qi 


( 6 . 1 ) 


and the net work transfer in a cycle 




net 
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( 6 , 2 ) 
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By the first law of thennodynamics, we have 
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Figure 6 J represents a cyclic heat engine in the form of a block diagram indi¬ 
cating the various energy interactions during a cycle. Boiler (B)* turbine (T), con¬ 
denser (C)i and pump (P), all four together constitute a heat engine, A heat engine 
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is here a certain quantity of water un¬ 
dergoing the energy interactions, as 
shown, in cyclic operations to produce 
net work from a certain heat input. 

The function of a heat engine cycle 
is to produce work continuously at the 
expense of heat input to the system. So 
the net work and heat input 
referred to the cycle are of primary 
interest. The efficiency of a heat engine 
or a heat engine cycle is defined as 



Bg* 6»3 C^dk heat fngim wUh energj^ 

interactions represented in a 
block diagram 



Net work output of the cycle 

Total heat bput to the cycle 



From Eqs (6.1), (6.2), (6.3), and (6.4) 




This is also known as the thermal efficiency of a heat engine cycle. A heat 
engine is very often called upon to extract as much work (net) as possible from a 
certain heat input, i.e., to maximize the cycle efficiency. 


63 Energy Reservoirs 

A thermal energy reservoir (TER) is defined as a large body of infinite heat 
capacity, which is capable of absorbing or rejecting an unlimited quantity of heat 
without suffering appreciable changes in its thermodynamic coordinates. The 
changes that do take place in the large body as heat enters or leaves are so very 
slow and so very minute that all processes within it are quasi-static. 

The thermal energy reservoir TER,^ from which heat is transferred to the 
system operating in a heat engine cycle is called the source. The thermal energy 
reservoir TERl to which heat Qi is rejected from the system during a cycle is the 
sink. A typical source is a constant temperature furnace where friel is continuously 
burnt, and a typical sink is a river or sea or the atmosphere itself. 

A mechanical energy reservoir (MER) is a large body enclosed by an adiabatic 
impermeable wall capable of storing work as potential energy (such as a raised 
weight or wound spring) or kinetic energy (such as a rotating flywheel). All 

processes of interest within an MER arc essentially quasi-static. An MER 
receives and delivers mechanical energy quasi-statically. 
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Figure 6.4 shows a cyclic heat engine exchanging heat with a source and a sink 
and delivering in a cycle to an MER. 



Fig. 6.4 Cydic htai engine (CHE) with soum md sink 



The efficiency of a heat engine is given by 
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fK 
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I 
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Experience shows that < 6i» since heat transferred to a system cannot 
be completely converted to work in a cycle (Article 6.1). Therefore, r} is less than 

efficient. Therefore, Q 2 > 0, i.e., there has 


unity. 



engine can never 




always to be a heat rejection. To produce net work in a thermodynamic cycle, a 
heat engine has thus to exchange heat with two reservoirs, the source and the sink. 

The KeJvin-Planck statement of the second law states: If is impossibJe for a 
heat engine to produce net work in a complete cycle if it exchanges heat only 
with bodies at a single fixed temperature. 

If 02 ^ ^ 1 the heat engine will produce net work 

in a complete cycle by exchanging heat with only one reservoir, thus violating the 


KeIvin*Planck statement (Fig. 6.5). Such a heal engine is 



a perpetual 


motion machine of the second kind, abbreviated to PMM2, A PMM2 is 
impossible. 

A heat engine has, therefore, to exchange heat with two thermal energy 
reservoirs at two different temperatures to produce net work in a complete cycle 
(Fig. 6.6). So long as there is a difference in temperature, motive power 
(i.e. work) can be produced. If the bodies with which the heat engine exchanges 
heat are of finite heat capacities, work will be produced by the heat engine ti 11 the 
temperatures of the two bodies are equalized. 
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Fig» 6^ ^ PMM2 



6.6 Heat en^ne producing net work in a 
cyde by exchanging heat at two different 
temperatures 


If the second law were not truei it would be possible to drive a ship across the 
ocean by extracting heat from the ocean or to run a power plant by extrac ting heat 
from the surrounding air. Neither of these impossibilities violates the first law of 
thermodynamics. Both the ocean and the suirounding air contain an enormous 
store of internal energy, which, in principle, may be extracted in the form of a 
flow of heat. There is nothing in the first law to preclude the possibility of 
converting this heat completely into work. The second law is, therefore, a separate 
law of nature, and not a deduction of the first law. The first law denies the 
possibility of creating or destroying energy; the second denies the possibility of 
utilizing energy in a particular way. The continual operation of a machine that 
creates its own energy and thus violates fiie first law i s called the PMM1. The 
operation of a machine that utilizes the internal energy of only one TER, thus 
violating the second law, is called the PMM2, 


6.5 








Heat always flows from a body at a higher temperature to a body at a lower 

temperature. The reverse process never occurs spontaneously. 

Clausius ’ statement of the second taw gives: It is impossible to construct a 
device which, operating in a cycle, will produce no effect other than the tratisfer 
of heat from a cooler to a hotter body. 

Heat canot flow of itself from a body at a lower temperature to a body at a 
higher temperature. Some work must be expended to achieve this, 

6.6 ReMgerator and Heat Pump 

A refrigerator is a device which, operating in a cycle, maintains a body at a 
temperature lower tJian the temperature of the surroundings. Let the body A 
(Fig, 6.7) be maintained at which is lower than the ambient temperature 

Even though A is insulated, there will always be heat leakage Q 2 into the body 



h 
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from the surroundiags by virtue of the temperature difference- In order to 
maintain, body A at the constant temperature heat has to be removed from the 

body at the same rate at which heat is leaking into the body. This heat {Q 2 ) is 

absorbed by a working fluid, called the refrigerant, which evaporates in the 
evaporator £'^ at a temperature lower than ^2 absorbing the latent heat of 
vaporization from the body which is cooled or refrigerated (Process 4-1). The 
vapour is first compressed in the compressor C] driven by a motor which absorbs 
work (Process 1-2), and is then condensed in the condenser Cj rejecting the 
Latent heat of condensation at a temperature higher than that of the atmosphere 
(at ?| ) for heat transfer to take place (Process 2-3). The condensate then expands 
adiabatically through an expander (an engine or turbine) producing work 
when the temperature drops to a value lower than ^2 such that heat flows from 
the body^ to make the refrigerant evaporate (Process 3-4). Such a cyclic device 
of flow through E 1 -C 1 -C 2 -E 2 is called a refrigerator. In a refrigerator cycle, 
attention is concentrated on the body A. Q 2 and W are of primary interest. Just 
like efficiency in a heat engine cycle, there is a performance parameter in a 
refrigerator cycle, called the coefficient of performance^ abbreviated to COP, 
which is defined as 
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Fig. 6.7 A cydk rejrig^aiion plant 
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A heat pump is a device which, operating in a cycle, maintains a body, say J 
(Fig, 6 . 8 ), at a temperature higher than the temperature of the snrroimdings. By 
virtue of the temperature difference, there will be heat leakage ^3 from the body 
to the surroundings. The body will be maintained at the constant tempemture / 3 , if 
heat is discharged into the body at the same rate at which heat leaks out of the 
body. The heal i s extracted from the low temperature reservoir, which is nothing 
but the atmosphere, and discharged into the high temperature body with the 
expenditure of work IF in a cyclic device called a heat pump. The working fluid 
operates in a cycle flowing through the evaporator £ 3 , compressor C 3 , condenser 

C 2 and expander£ 2 > similar to a refligerator, but the attention is here focussed on 
the high temperature body B. Here and IV are of primary i nterest, and the COP 
is defined as 
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Fig* 6 .S A 





From equations ( 6 . 6 ) and (6.7), it is found that 

[COP]h.p. = [COPU+I (6.8) 

The COP of a heat pump is greater than the COP of a refngerator by unity. 

Equation (6.8) expresses a very interesting feature of a heat pump. 

Since O, = [COP]h p W 

= [COP„f+l]ir (6.9) 

Qi is always greater than W. 

For an electrical resistance heater, if JF is the electrical energy consumption, 
then the heat transferred to the space at steady state is W only, i.e., 03 = W. 
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A 1 kW ciectric heater can give ) kW of heat at steady state and nothing more* 
In other words, 1 kW of work (high grade energy) dissipates to give 1 kW of heat 
flow grade energy), which is theitnodynamically inefficient. 

However, if this electrical energy Jf^is used to drive the compressor of a heat 

pump, the heat supplied will always he more than fr, or > W. Thus, a heat 

pump provides a thermodynamic advantage over direct heating* 

For heat to flow from a cooler to a hotter body, W cannot be zero, and hence, 
the COP (both for reftigerator and heat pump) canot be infinity* Therefore, 
fV> Of and COP < 
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Statements 


At first sight, Kelvin-Planck*s and Clausius* statements may appear to be 
unconnected, but it can easily be shown that they are virtually two parallel 
statements of the second law and are equivalent in all respects. 

The equivalence of the two statements will be proved if it can be shown that 

the violation of one statement implies the violation of the second, and vice versa, 

(a) Let lis first consider a cyclic heat pump P which trans fers heal from a low 
temperature reservoir (/ 2 ) to a high temperature reservoir (^i) with no other effect. 


i.e*, with no expenditure of work, violating Clausius statement (Fig* 6*9)* 


f 

I 



I 



Ot-Oa 


Fig* 6*9 Vioktion of the Clausius statement 

Let us assume a cyclic heat engine E operating between the same thermal 
energy reservoirs, producing in one cycle. The rate of working of the heat 
engine is such that it draws an amount of heat fror ■ the hot reservoir equal to 
that discharged by the heat pump* Then the hot reservoir may be eliminated and 
the heat di scharged by the heat pump is fed to the heat engine. So we see that 
the heat pump P and the heat engine E acting together constitute a heat engine 
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operating in cycles and producing net work while exchanging heat only with one 
body at a single fixed temperature. This violates the Kelvin-Planck statement. 

(b) Let us now consider a perpetual motion machine of the second kind {£) 
which produces net w'ork in a cycle by exchanging heat with only one thermal 
energy reservoir (at^i) and thus violates the Kelvin-Planck statement (Fig. 6.10). 

Let us assume a cyclic heat pump (P) extracting heat from a low 
temperature reservoir at atid discharging heat to the high temperature reservoir 
at with the expenditure of work W equal to what the PMM2 delivers in a 
comp] etc cycle. So E and P together constitute a heat pump working in cycles and 
producing the sole effect of transferring heat from a lower to a higher temperature 
body, thus violating the Clausius statement. 



Fig. 6. 10 Violation of the Kthin-Piamk statement 






The second law of thermodynamics enables us to divide all processes into two 

classes: 


(a) Reversible or ideal process. 

(b) Irreversible or natural process. 


A reversible process is one which is performed in such a way that at the 


conclusion of the process, 



the system and the surroundings may be restored 


to their initial states, w'ithout producing any changes in the rest of the universe. 
Let the state of a system be represented by (Fig. 6.11). and let the system be 
taken to stated by following the path^-B. If the system and also the surroundings 
are restored to their initial states and no change in the universe is produced, then 
the process A-B will be a reversible process. In the reverse process, the system 
has to be taken from state B to A by following the same path B-A . A reversib le 
process should not leave any trace or relic to show that the process had ever 
occxirred. 






Stcond Law of Tfurmodynamus 





A 



(a) (b) 


Fig, 6,11 Revmibk proem 


A reversibie process is carried out infinitely slowly with an infinitesimal 
gradient, so that every state passed through by the system is an equilibritm 
state. So a reversible process come ides with a quasi-static process. 

Any natural process carried out with a finite gradient is an irreversible process, 
A reversible process, which consists of a succession of equilibrium slates^ is an 

idealized hypothetical process, approached only as a limit. It is said to be an 
asymptote to reality. All spontaneous processes are irreversible. 


6,9 Causes of Irreversibility 

Broken eggs, 
have eaten are 



locusts 


The irreversibility of a process may be due to either one or 



of the 


following: 

(a) 

(b) 


the process. 




The lack of equilibrium (mechanical, thermal or chemical) between the system 
and its surroundings, or between two systems, or two parts of the same system, 
causes a spontaneous change which is irreversible. The following are specific 
examples in this regard: 


(a) Heat Transfer through a Finite Temperature Difference A heat 
transfer process approaches reversibility as the temperature difference between 
two bodies approaches zero. We define a reversible heat transfer process as one 
in which heat is transferred through an infinitesimal temperature difference. So to 
transfer a finite amount of heat through an infinitesimal temperature difference 
would require an infinite amount of time, or infinite area. All actual heat transfer 
processes are through a finite temperature difference and are, therefore, 
irreversible, and the greater the temperature difference, the greater is the 
irreversibility. 

We can demonstrate by the second law that the heat transfer through a finite 
temperature difference is ineversible. Let us assume that a source at/* and a sink 
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at > fg) are available, and let 2a-b amo unt of heat flowing from A to 
B (Fig, 6,12). Let us assume an engine operating between and 5, taking heat 
from A and discharging heat Q 2 to B. Let the heat transfer process be reversed, 
and 2 b-a ^ flowing from.& to .4, and let the rate of working of the engine 

be such that 


Q2 ~ Qn- 


A 


(Fig. 6*13)* Then the sink B may be eliminated. The net result is that E 

produces net work W in a cycle by exchangmg heat only with At thus violating 

the Kelvin-Planck statement. So ^e heat transfer process Qj^_^ is irreversible, 
and 2g_A is not possible. 


Source A, 


Source A, 


O*. 


T^1 




Q 


Sink Bt t 


Q, 


W. 





Qr. 


B-A 


o. 




ly 


net 


Rg. 6* 12 Hmt tranjfir fkr&ttgh a finiU 

temperatuTf difference 


Rg. 6*13 Heat trarnfer through a finite 

temperature difference is 
irretiersiBie 


(b) Lack of Pressure Equillbrhim within the Inteiior of the System or 
between the System and the Surroundings When there exists a difference 
in pressure between the system and the surroundings, or within the system itself, 
then both the system and its surroundings or the system alone, will undergo a 
change of state which will cease only when mechanical equilibrium is 
eatablished* The revese of this process is not possible spontaneously without 

producing any other effect. That the reverse process will violate the second law 
becomes obvious from the following illustration. 

(e) Free Expansion Let us consider an insulated container (Fig* 6.14) which 
is divided into two compartments A and B by a thin diaphragm. Compartment 
contains a mass of gas, while compartment B is completely evacuated* If the 
diaphragm is punctured, the gas in 4 will expand into B until the pressures in A 
and B become equal* This is known as free or unrestrained expansion. We can 
demonstrate by the second law, that the process of free expansion is irreversible. 

To prove this, let us assume that free expansion is reversible, and that the ^ 
in B rehims into A with an increase in pressure, and B becomes evacuated as 


I 

1 

. i 

j 

rr- 


»hui- 


Tl 
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before (Fig* 6.15)* There is no other efTect. Let us install an engine (a machine, 
not a cyclic heal engine) between^ and E, and permit the gas to expand through 
the engine from^ to The engine develops a work output W at the expense of the 
internal energy of the gas* The internal energy of the gas (system) in E can be 
restored to its initial value by heat transfer 0 (= ^0 from a source. Now, by the 
use of the reversed free expansion, the system can be restored to the initial state of 
high pressure in^ and vacuum inif. The net result is a cycle, in which we observe 
that net work output W is aeeomplished by exchanging heat with a single 
reservoir* This violates the Kelvin-Planck statement. Hence, free expansion is 
irreversible. 

The same argument will hold if the compartment B is not in vacuum but at a 
pressure lower than that in compartment .*4 (case b). 



Fig. 6.14 fnttxpamxQn Fig* 6*15 ^tcond hm d^monslratti ihai 

jrte expansion is irrfvmible 


6 , 9.2 lfT 0 V€TS^iliiy due to Dissipaiwe Effects 

The irreversibility of a process may be due to the dissipative effects in which 
work is done without producing an equivalent increase in the kinetic or potential 
energy of any system. The transformation of work into molecular internal energy 
either of the system or of the reservoir takes place through the agency of such 

phenomena as friction, viscosity, inelasticity, electrical resistance, and magnetic 

hysteresis. These effects are known as dissipative efTects, and work is said to be 

dissipated. Dissipation of energy means the transition of ordered macroscopic 
motion into chaotic molecular motion, the reverse of which is not possible without 
violating second law. 

(a) Friction Friction is always present in moving devices* Friction may be 
reduced by suitable lubrication, but it can never be completely eliminated. If this 
were possible, a movable device could be kept in continual motion without 

violating either of the two laws of thermodynamics. The continual motion of a 
movable device in the complete absence of friction is known ^^perpetuai motion 
of the third kind. 

That friction makes a process irreversible can be demonstrated by the second 
law. Let us consider a system consisting of a flywheel and a brake block 
(Fig. 6.16). The flywheel was rotating with a certain rpm, and it was brought to 


Urhobc-ncchtlich geschutzter 'atenu 














































rest by applying the fnction brake. The distance moved by the brake block is very 
small, so work transfer is very nearly equal to zero. If the braking process occurs 
very rapidly* there is little heat transfer Using suffix 2 after braking and suffix 1 
before braking, and applying the first law, we have 


Brake block 



F 



S/stem boundary 
Fig* 6 . 16 iTTfUfTsitility due io dissipatwe effeet like friction 
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( 6 . 10 ) 


The eneigy of the system (isolated) remains constant* Since the energy may 

exist in the forms of kinetic, potential, and molecular internal energy, we have 
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-HmZjg 
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Since the wheel is brought to rest, Vj = 0* and there is no change in P*E, 


U 


2 


u, + 


1 


2 


( 6 * 11 ) 


Therefore, the molecular internal energy of the system (i.e*, of the brake and 
the wheel) increases by the absorption of the K.E, of the wheel. The reverse 
process, i.e., the conversion of this increase in molecular internal energy into 
K.E. within the system to cause the wheel to rotate is not possible* To prove it by 
the second law, let us assume that it is possible, and imagine the following cycle 
with three processes: 

Process A : Initially, the wheel and the brake are at high temperature as a result of 
the absorption of the K.E* of the wheel, and the flywheel is at rest Let the 

flywheel now start rotating at a particular rpm at the expense of the internal 
energy of the wheel and brake, the temperature of which will then decrease. 
process B: Let the flywheel be brought to rest by using its K.E. in raising weights* 
with no change in temperature. 

Process C: Now let heat be supplied from a source to the flywheel and the brake, 

Io restore the system to its initial state. 

Therefore, the processes A, and C together constitute a cycle producing 
work by exchanging heat with a single reservoir* This violates the Kclvin-Planck 

statement, and it will become a PMM2. So the braking process, i*e., the 

transformation of K.E. into molecular internal cnergv* is irreversible, 

'r : rr- ;:htl; . ■ i;hu1- 






Stcond Law of JhiTmodynam ia 



(b) Paddle-Wheel Work Transfer 
Work may be transferred into a system 
in an insulated container by means of a 
paddle wheel (Fig. 6.17) which is also 
known as stirring work. Here work 
transferred is dissipated adiabaticaliy 

into an increase in the molecular inter¬ 
nal energy of the system. To prove the 

irreversibility of the process^ let us as* 

sume that the same amount of work is delivered by the system at the expense of its 
molecular internal energy» and the temperature of the system goes down 
(Fig. 6.18). The system is brought back to its initial state by heat transfer from a 
source. These tw'o processes together constitute a cycle in which there is work 
output and the system exchanges heat with a single reservoir. It becomes a 
PMM2* and hence the dissipation of stirring work to internal energy is irrevers¬ 
ible. 



Fig. 6.17 Adiabatic work tTamfer 



Diathermic 


Heat 

source 


Adiabatic 


Fig. 6.1B IrTiversibiiity due to dissipation of strring work into internal energy 


(cj Transfer of Electricity through a Resistor The flow of electric current 
through a wire represents work transfer, because the current can drive a motor 
which can raise a weight. Taking the wire or the resistor as the system (Fig. 6.19) 
and writing the first law 

01^2 - t /2 - + ^X-2 

Here both St-2 negative. 

W,_2 = U2-U, + Q,_2 ( 6 . 12 ) 

A part of the work transfer is stored as an increase in the internal energy of the 
wire (to give an increase in its temperature), and the remainder leaves the system 
as heat. At steady state, the internal energy and hence the temperature of the 
resistor become constant with respect to time and 


Fig. 6.19 




IrreneTsibilily due to dissipation of eiectricai work into internal energy 
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The reverse process, i.e-* the conversion of heat electrical work 

of the same magnitude is not possible. Let us assume that (his is possible. 
Then heat will be absorbed and equal work fVi _2 will be delivered. But this 
will become a PMM2. So the dissipation of electrical work into internal energy or 
heat is irreversible. 

6.10 Conditions for Reversibility 

A natural process is irreversible because the conditions for mechanical, thermal 
and chemical equilibrium are not satisfied, and the dissipative effects, in which 
work is transformed into an increase in internal energy, are present For a process 

to be reversible, it must not possess these features. If a process is performed 

quasi^statically, the system passes through states of thermodynamic equilibrium, 
which may be traversed as well in one direction as in the opposite direction. If 
there are no dissipative effects, all the v^^ork done by the system during the 
performance of a process in one direction can be return ed to the system during 

the reverse process, 

A process will be reversible when it is performed in such a way that the system 
is at all times infinitesimally near a state of thermodynamic equilibrium and in 
the absence of dissipative effect of any form. Reversible processes are, therefore* 

purely ideal, limiting cases of actual processes. 

6-11 Carnot Cycle 

A reversible cycle is an ideal hypothetical cycle in which all the processes 
constituting the cycle are reversible. Carnot cycle is a reversible cycle. For a 
stationary system, as in a piston and cylinder machine, the cycle consists of the 
following four successive processes (Fig. 6.20): 


Source, 



Fig. 6.20 Camoi htai stationary system 
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(a) A reversible isothermal process in which heat 0| enters the system at 

source at ti when the cylinder cover is in 



reversibly h'om a constant 
contact with the diathermic cover j 4. The internal energy of the system increases 


From First law, 


e, = c/, - u, + w,. 


(6.14) 


(for an ideal gas only, U 


i 




(b)j4 reversible adiabatic process in which the diathermic cover>^ is replaced 
by the adiabatic cover and work W-g is done by the system adiabaticaUy and 
reversibly at the expense of its internal energy, and the temperature of the systenn 


decreases from /1 to / 


2- 


Using the first law, 


0 = t;3 - ^2 + 


(6,15) 



(c) A reversible isothermal process in which B is rep laced by A and heat 
leaves the system at ^2 to a constant temperature sink at reversibly, and the 

internal energy of the system further decreases* 


From the first law. 




(6.16) 


3 


V 


only for an ideal gas, V 

(d) A reversible adiabatic process in which B again replaces and work 
is done upon the system reversibly and adi abatically, and the intemat energy of 
the system increases and the temperature rises from to f j. 


Applying the first law, 


0 = t; 


I 


U 


w 


4-1 


Two reversible isotherms 



(6*17) 

two reversible adiabatics constitute a Carnot 


cycle, which is represented in p-v coordinates in Fig. 6,21. 
Summing up Eqs (6.14) to (6 J7), 

01 - 02 = + ^ 1 -^) - + ^^i) 


or 


le«. 


Z 


cycle 


cycle 


A cyclic heat engine operating on the Carnot cycle is called a Carnot heat 


engine. 


Q. 





Rj0V* isotherm (ti) 


Rev. Isotherm 
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Fig. 6.21 Camot cycle 
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For a steady flow system* the Carnot cycle is represented as shown in 
Fig, 6,22, Here heat Gi is transferred to the system reversibly and isothermally at 
in the heat exchanger A, work W^- is done by the system reversibly and 


adiabatically in the turbine {B), then heat transferred from die system 


reversibly and isothermally at ^2 m the h^t exchanger (C)* and then wotk Wp is 
done upon the system reversibly and adiabatically by the pump (/)), To satisfy the 
conditions for the Carnot cycle* there must not be any friction or heat transfer in 
the pipelines through which the working fluid flows. 
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Fig. 6.22 Camot htat tngjine-steady flaw system 






Since all the processes of the Camot cycle are reversible* it is possible to imagine 
that the processes are individually reversed and carried out in reverse order. When 
a reversible process is reversed* all the energy transfers associated with the 
process are reversed in direction* but remain the same in magnitude. The reversed 
Camot cycle for a steady flow system is shown in Fig. 6.23. The reversible heat 
engine and the reversed Camot heat engine are represented in block diagrams in 
Fig. 6.24. If £ is a reversible heat engine (Fig. 6.24a)* and if it is reversed 
(Fig. 6.24b), the quantities Gl* ^2 ^ remain the same in magnitude, and only 

thek directions are reversed. The reversed heat engine 3 takes heat from a low 
temperature body, discharges heat to a high temperature body* and receives an 
inward flow of network. 

The names heat pim^p and refrigerator are applied to the reversed heal engine, 

which have already been discussed in Sec. 6.6, where the working fluid flows 
through the compressor (£)* condenser (jA), expander (D)* and evaporator (O to 
complete the cycle. 
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Fig* 6*23 Heversed Camot heat en^ne-sUady flow procas 
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Fig. 6.24 Camot heat engine and reomed Carnot heat engine shown in block diagrams 


6,13 Carnot’s Theorem 


It states that of all heat engines operating between a given constant temperature 
source and a given constant temperature sink, none has a higher cadency 
than a reversible engine. 

Lei two heat engines ^ operate between the given source at 
temperature f, and the given sink at temperature ^2 as shown in Fig. 6.25. 

Let be any heat engine and Eg be reversibie heal engine. Wc have to 
prove that the efficiency of is more than that of us assume that (his is 

not true and ^ ^^e rates of working of the engines be such that 
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Fig, 6,25 Twif £ydK /imf mgitm £j £g epiraiti^ deiw^ ih 

same Sijvrce and sink, of which Eg is reversible 


^A>^B 

Now, let£g be reversed. Since is a reversible heal engine, (he magnitudes 
of heat and work transfer quantities will remain the same, but their directions will 
be reversed, as sho\Mi in Fig, 6,26, Since > ffe, some part of Jf\ (equal to 
fFg) may be fed to drive the reversed heat engine 3 g. 
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Fig. 6J26 Eg is reversed 


Since 6| a ” Cm “ the heat discharged by 3g may be supplied to The 
source may, therefore, be eliminated (Fig. 6.27). The net result is that and3g 
together constitute a heat engine which, operating in a cycle, produces net work 


W 


- while exchanging heat with a single reservoir at ^ 2 - This violates the 
Kelvin'^Planck statement of the second law. Hence the assumption that 


wrong. 

Therefore 
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Fig» 6.27 £ji and3 b together oiolak the K-P slalment 







The efficiency of all reversible heat engines operating between the same 
temperature level s is the same. 

Let both the heat engines and {Fig. 6.25) be reversible. Let us assume 
> 7 ]g. Similar to the procedure outlined in the preceding article^ if is 


reversed to run, say, as a heat pump using some part of the work output (Wa) 

engine we see that the combined system of heat pump and engine 
becomes a PMM2. So cannot be greater than Similarly, if we assume 
T ]0 > and reverse the engine we observe that cannot be greater than 


Therefore 


^?A = 


Since the efficiencies of all reversible heat engines operating between the same 
heal reservoirs are the same, the efficiency of a rever^ibie engine is independent 
of the nature or amount of the v^orMng substance undergoing the cycle. 


6*15 Absolute Thermodynamic Temperature Scale 


The efficiency of any heat engine cycle receiving heat^j 
given by 
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( 6 . 18 ) 
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By the second law, it is necessary to have a temperature difference to 

obtain work of any cycle. We know that the efficiency of all heat engines 
operating between the same temperature levels is the same, and it is independent 
of the working substance. Therefore* for a reversible cycle (Carnot cycle), the 
efficiency will depend solely upon the temperatures and h* at which heat is 

transferred, or 


r) 


rev 


/ 0 i* 


where/signifies some fimetion of the temperatures 



( 6 . 19 ) 

Eqs(6.18) and(6.19) 
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In terms of a new ninci onr 


-§-=F(/|,/j) (6.20) 

If some fxmctioEai relationship is assigned between ty, and the 

equation becomes the definition of a temperature scale. 

Let us consider two reversible heat engines^ £j receiving heat from the source 
at and rejecting heat at to £2 which, in turn, rejects heat to the sink at ^3 

(Fig. 6.28). 



Now - F(t„ Jj); & nt2, h) 

£j and £2 together constitute another heat engine operating between ty and 




The temperatures /], ^2 h ^ arbitrarily chosen. The ratio Q\^Q 2 depends 
only on ty and t 2 , and is independent of/j. So ^3 will drop out from the ratio on the 

right in equation (6.21), After it has been cancelled, the numerator can be written 

as and the denominator as where 0 is another unknown function. 
Thus 
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Since <J(0 is an artitraiy function, the simplest possible way to define the 

absolute thermodyfrmmic temperature T is to let ^(1) = T, as proposed by Kelvin. 
Then, by definition 
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( 6 . 22 ) 
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The absolute thermodynamic temperature scale is also known as the Kelvin 
scale. Two temoeratuies on the Kelvin scale bear the same relationship to each 
other as do the heats absorbed and rejected respectively by a Carnot engine 
operating between two reservoirs at these temperatures. The Kelvin temperature 
scale is, therefore, independent of the peculiar characteristics of any particular 
substance. 

The heat absc*' 'd g, and the heat rejected Q 2 during the two reversible 
isothermal processes bounded by two reversible adiabatics in a Carnot engine 
can be measured. In defining the Kelvin temperature scale also, the triple point of 
water is taken as the standard reference point. For a Carnot engine operating 
between reservoirs at temperatures T and Ti, 7^ being the triple point of water 
(Fig. 6.29), arbitrarily assigned the value 273.16 K, 



7=273,16 




If this equation is compared with the equations given in Article 2,3, it is seen 
that in the Kelvin scale, Q plays the role of thennometric property. The amount 
of heat supply Q changes with change in temperature J ust like the thermal emf in 
a thermocouple. 

It follows from the Eq, (6.23), 


7=273,16 




that the heat transferred isothermally bctvi'cen the given adiabatic^ decreases as 
the temperature decreases. Conversely, the smaller the value of the lower the 
corresponding 7. The smallest possible value of ^ is zero, and the corresponding 
7 is absolute zero. Thus, if a system undergoes a reversible isothermal process 
without transfer of heat, the temperature at which this process takes place is called 
the. absolute zero. Thus, at absolute zero, an isotherm and an adiabatic arc 
identical. 


That the absolute thermodynamic temperature scale has a definite zero point 
can be shown by imagining a series of re ^^ersible engines, extending from a source 
at 7; to lower temperatures (Fig. 6,30). 
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m 


at equal temperature intervals, A scale having one hundred equal intervals 


between the steam point and the ice point could be 



by a series of one 


hundred Carnot engines operating as in Fig. 6*30. Such a scale would 




If enough engines are placed in series to make the total work output equal to 



engine 



^e^o* 



fill 

second law, however, the operation of a cyclic heat engine with zero heat rcj ection 
cannot be achieved, although it may be approached as a limit* When the heat 
rejected approaches zero, the temperature of heat rejection ako approaches zero 
as a limit Thus it appears that a definite zero point exists on the absolute 
temperature scale but this paint cannot be reached without a violation of the 
second law. 

Thus any attainable value of absolute temperature is always greater than zero. 
This is ako known as the Third Law of Thermodynamics which may be stated as 
follows* It is impossible by any procedure, no matter how idealized, to reduce 
any system to the absolute zero oftemperature in a finite number of operations. 

This is what is called the Fowler-Guggenheim statement of the third taw. The 
third law itself is an independent law of nature, and not an extension of the second 
law. The concept of heat engine is not necessary to prove the non*attainability of 
absolute zero of temperature by any system in a finite number of operations* 



The efficiency of a reversible heat engine in which heat is received solely at is 

found to be 








-^rev 





It is observed here that as Ti decreases, and Ti increases* the efficiency of the 
reversible cycle increases* 

Since 7} is always less than unity, T 2 is always greater than zero and positive* 
The COP of a refrigerator is given by 



For a reversible refrigerator, using 
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Similarly, for a reversible heat pump 
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(6.25) 
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6*17 Equality of Ideal Gas 

Kelvin Temperature 



and 


Let us consider a Carnot cycle executed by an ideal gas, as shown in Fig, 6.31. 
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Fig. 6.31 Camol eytU of art ideal gas 


The two isothermal processes a-b and c-d are represented by equilateral 
hyperbolas whose equations are respectively 


and 


py=-nR 

pV= rtR $2 


For any infinitesimal reversible prcM:ess of an 



gas, the first law may 



written as 




Applying this equation to the isothermal process a-b^ the heat 



found to be 
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Similarly, for the isothermal process c-d, the heat rejected is 
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(6.26) 


I ■ ' ' 


r- h 


uhui- 




Second Law of Thermodynamics 


4 


: 137 


Since the process b-c is adiabatic, the first law gives 


-c^de=pdv^^^dy 
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Similarlv, for the adiabatic process d-a 
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Equation (6.26) thus reduces to 
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Kelvin 



was defmed by Eq. (6.22) 
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(6.28) 


If $ and T refer to any temperature, and 6, and T. refer to the triple point of 


water. 


d 


T 




T, 


(6.29) 


Since = Tt = 273.16 K* it follows that 

e=T 

The Kelvin temperature is* therefore, numerically equal to the ideal gas 

temperature and may be measured by means of a gas thermometer. 


6*18 Types of Irreversibility 

It has been discussed in Sec. 6.9 that a process becomes irreversible if it occurs 
due to a firute potential gradient like the gradient in temperature or pressure, or if 
there is dissipative effect like friction, in which work is transformed into internal 
energy increase of the system. Two types of irre versibil ity can be distinguished: 

(a) Internal ureversibility 

(b) External irreversibility 




t .-I ■ 1 

f I 



Bask and Applkd Thtrmodymimks 


138 


The internal irreversibility is caused by the internal dissipative effects like 

fnction, turbulence, electrical resistance, magnetic hysteresis, etc. within the 
system. The external irreversibility refers to the irreversibility occurring at the 
system boundary like heat interaction with the surroundings due to a fmite 
temperature gradient. 

Sometimes, it is useful to make other distinctions. If the irreversibility of a 
process is due to the dissipation of w'ork into the increase in internal energy of a 
system, or due to a fmite pressure gradient, it is called mechanical irreversibili¬ 
ty A(]ht process occurs on account of a finite temperature gradient, it is thermal 
irreversibility, and if it is due to a finite concentration gradient or a chemical 
reaction, it is called chemical irreversibility. 

A heat engine cycle in which there is a temperature difference (i) between the 
source and the working fluid during heat supply, and (li) between the working 
fluid and the sink during heat rejection, exhibits external thermal irreversibility. 
If the real source and sink are not considered and hypothetical reversible 
processes for heat supply and heat rejection are assumed, the cycle 
reversible. With the inclusion of the actual source and sink, however, the cycle 
becomes externally irreversible. 




Solved Examples 


Example 6,1 A cyclic heat engine operates between a source temperature of 
800®C and a sink temperature of 30^C. What is the least rate of heat rejection per 
kW net output of the engine? 

Solution For a reversible engine, the rate 



rejection will be minimum 


(Fig. Ex. 6.1). 
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Fig. Ex. 6.1 
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30 + 273 
SOO + 273 


1-0.282 = 0,718 


Now 


Now 



ojm 

- 1.392 kW 


62 = St1-392-1 
= 0.392 kW 


This is the least rate of heat rej ection. 


Example 6^ A domestic food freezer maintains a temperature of -15 . The 
ambient air temperature is 30®C, If heat leaks into the freezer at th e continuous 
rate of 1.75 kJ/s what is the least power necessary to pump this heat out 
continuously? 

Solution Freezer temperature* 

7'2 -- 15 + 273 -258 K 
Ambient air temperature, 

rj-30 + 273 = 303 K 

The refrigerator cycle removes heal from the freezer at the same rate at which 
heat leaks into it (Fig. Ex. 6.2). 





Oj = 1J5 y/s 

Fig* Ex, 6,2 


For minimum power requirement 
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1,75 

238 


X 303 = 2.06 kSIs 


* - 


^=Q,-Q2 

= 2.06- L75 

^0.31 kW 



.31 kJ/s 


Example 6.3 A reversible heat engine operates between two reservoirs at 
temperatures of 600^C and 40“C. The engine drives a reversible refrigerator 
which operates between reservoirs at temperatures of 40“C and - 20®C. The heat 
transfer to the heat engine is 2000 kJ and the net work output of the combined 
engine refrigerator plant is 360 kJ, 

(a) Evaluate the heat transfer to the refrigerant and the net heat transfer to the 
reservoir at 40X. 

(b) Reconsider (a) given that the efTiciency of the heat engine and the COP of 
the refrigerator are each 40% of their maximum possible values. 

Sotution (a) Maximum efficiency of the heat engine cycle (Fig. Ex. 6.3) is given 


by 


Ty = 073 K 


73 = 253 K 


T Q, = 2000 kJ 
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Fig. Ex. 6.3 
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873 


0,642 


1 - 0.35S - 0.642 


= 0.642 X 2000 


1284 k J 


Maximum COP of the refrigerator cycle 

T, 



(COP)„„ = 


J _ 




313-253 

Also 

COP = 

, a 

= 4.22 





Since 

IV ,.. IV, - 


= 360kJ 


4.22 
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W2=W^-IV= 1284-360 = 924 kJ 
04 = 4.22 x924 - 3899 kJ 
01 = 04 ^ = 924't- 3899 = 4823 kJ 

Q2 = Q\-^i^ 2000 - 1284 - 716 kJ 

Heat rejection to the 40®C reservoir 

= 02 + 03 ^ 4823 = 5539 kJ 

(b) Efficiency of the actual heat engine cycle 

V - ^^*4 = 04 X 0.642 

0.4x0.642x2000 
- 513.6 y 

fF2 = 513,6-360= 153.6 kJ 

COP of the actual refrigerator cycle 

COP = -^ = 0.4 X 4.22 = 1.69 

ff'i 


Therefore 


04= 153.6 X 1.69 = 259.6 y 
03 = 259.6+ 153.6 = 413.2 y 
02^01’ ^3 =2000-513.6 = H86.4y 
Heat rejected to the 40’^C reservoir 

= 02'+^03 = 413.2+ 14864= 1899.6 y 


1 


Aiis. (a) 


A ns. (b) 


Ans. (b) 


Example 64 Which is the more elTective way to increase the efficiency of a 
Carnot engine: to increase keeping Ti constant; or to decrease T];, keeping Tj 
constant? 


Solution The efficiency of a Carnot engine is given by 


If Tj is constant 





If Ti is constant. 


fill = J_ 

[ drj r, 

As T 2 decrt^ises, t] increases, but the slope 
{Fig. Ex. 6.4.2). 



remains constant 











So^ the more effective way to increase the efficiency is to decrease 
Alternatively, let be decreased by Af with ^3 remaining tiie same 
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Tj -M 


T, 


If is increased by the same Ar, T 2 lemalnin 




same 



T^ 

7; -j-Ar 


Then 



J, r,-Ar 

n. - ^3 =- - - - -' 

' ” 7;+Ar 2 ; 

_ (Ti-T2)Ar + (ATf 

r,(7;+Ar) 

Since Tj > 72^ (tfj “ t? 2 ) ^ ^ 

The more effective way to increase the cycle efficiency is to decrease T 2 


Example 6«5 Kelvin was the first to point out the thermodynamic wastefulness 

of burning fuel for the direct heating of a house. It is much more economical to use 

d 

the high temperature heat produced by combustion in a heat engine and then to 
use the work so developed to pump heat ffom outdoors up to the temperature 
desired in the house. In Fig. Hx. 6.5 a boiler furnishes heat Q^ at the high 
temperature Tj. This heat is absorbed by a heat engine, which extracts work W 
and rejects the waste heat Q 2 into the house at T 2 * Work W is in turn used to 
operate a mechanical refrigerator or heat pump, which extracts 0 ^ from outdoors 
at temperature and rejects Q\ (where Q 2 “ S 3 ^ ittto the house. As a result 
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of this cycle of operations, a total quantity of heat equal to G 2 liberated in 

the house, against which would be provided directly by the ordinary 
combustion of the flieL Thus the ratio {Q 2 + rcprcscots the heat 

multiptication factor of this method. Determine this multiplication factor if 


T 


473 K, T: = 293 K, and = 273 K. 


Solution For the reversible heat engine (Fig. Ex. 6.5) 



Fig, Ex. 6 J 




For the reversible heat pump 
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Arts. 



which means that every kg of coal burned would deliver the heat equivalent lo 
over 6 kg. Of course, in an actual case, the efficiencies would be less than Carnot 
efficiencies, but even with a reduction of 50%, the possible savings would 
quite significant. 

I' 

Example 6,6 It is proposed that solar energy be used to warm a large collector 
plate. This energy would, in turn, be transferred as heat to a fluid within a heat 
engine, and the engine would reject energy as heat to (he atmosphere. Experiments 

indicate that about IS SO kJ/m^ h of energy can be collected when the plate is 

operating at 90^C. Estimate the minimum collector area that would be required 
for a plant producing 1 kW of useful shaft power. The atmospheric temperature 
may be assumed to be 20X, 

Solution The maximum efficiency for the heat engine operating between the 
collector plate temperature and the atmospheric temperature is 
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Ti 
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363 


0.192 


The efficiency of any actual heat engine operating between these temperatures 


would be less than this efficiency. 


Q 


w 






nuji 


IkJ/s 

0,192 


5.21 kJ/s 


lS,800kJ/h 


Minimum area required for the collector plate 


18,800 

1880 


10m 
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Example 6,7 A reversible heat engine in a satellite operates bet^^^een a hot 
reservoir at and a radiating panel at ^ 2 - E^diation from the panel is 
proportional to its area and to r 2 '^. For a given work output and value of show 


that the area of the panel will be minimum when 


7i 


IT- ^htl; h ■ : ciiui 
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0.75. 
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Detennine the mminiuni area of the panel for an output of 1 kW if the constant 
of proportionality is 5.67 x lO"* W/m^K" and Ti is tOOO K. 

Solution For the heat engine (Fig, Hx. 6,7), the heat rejected Qj to the panel 
(at T 2 ) is equal to the energy emitted from the panel to the surroundings by 
radiation. If ^ is the area of the panel, 02 “ ^ 2 ^’ or 02 ^ ^ ^ 2^1 where is a 
constant. 



T Q 2 = KAT j 
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Fig. Ex. 6.7 
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= 0.75 Proved. 





_fT_ 

/i:(0.75)’ 71^(7; - 0.75 T",) 
W . 2S6>y 

kJ^Lt* 27 KT* 

256 ' 
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6.1 What is the qiiatjtativc difTcrcncc between heat and work? Why arc heat and 

work not completely interchangeable forms of energy? 

6.2 W^hat is a cyclic heat engine? 

6 J Explain a heal engine cycle performed by a closed system. 

6A Explain a heat engine cycle performed by a steady flow system. 

6.5 IDefine the thermal efficiency of a heat engine cycle. Can this be L D0%? 

6.6 Draw a block diagram showing the four energy interactions of a cyclic beat 

engine. 

6.7 What is a thermal energy reservoir? Explain the terms "source" and *sink’ 

6 J What is a mechanical energy reservoir? 

6.9 Why can all processes in a TER or an MER be assumed to be quasi^staiic? 

6.10 Give the Kelvin-Planck statement of the second Jaw. 

6.1 ] To produce net work in a thermodynamic cycle, a heat engine has to exchange 

heat with two tliermal reservoirs. Explain. 

6.12 What is a PMM27 Why is it impossible? 

6.13 Give the C Lausius * statement of the second law. 

6.14 Explain the operation of a cyclic refrigerator plant with a block diagram. 

6.15 Define the CO? of a refirigerator. 

6.16 What is a heal pump? How does it differ from a refrigerator? 

6.17 Can you use the same plant as a heat pump in winter and as a refrigerator in 

summer? Explain. 

6. 1 S Show that the COP of a heat pump is greater than the CO? of a refrigerator by 

unity, 

6.19 Why is direct heating thermodynamically wasteful? 

6.20 How can a heat pump upgrade low grade waste heat? 

6.21 Establish the equivalence of Kelvin-Planek md Clausius statements. 

6.22 What ts a reversible process? A reversible process should not leave any evidence 

to show that the process had ever occurred. Explain. 

6.23 How is a reversible process only a Limiting process, never to be attained in 

practice? 

6.24 All spontaneous processes are irreversible. Explain. 

6.25 What are the causes of irreversibility of a process? 

6.26 Show that heat transferthrough a finite tempemtuic difference is irreversible. 

6.27 Demonstrate, using the second taw, that free expansion is irreversible. 

6.28 What do you understand by dissipative effects? When is work said to fee 

dissipated? 

6.29 Explain perpetual motion of the third kind. 

6.30 Demonstrate using the second law how friction makes a process irreversible. 

6.31 When a rotating wheel is brought to rest by applying a brake, show that the 

molecular internal energy of the system (of the brake and the wheel) increases. 
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6.34 

6.35 

6.36 

6.37 

6.38 

6.39 

6.40 

6.41 


6.42 

6.43 

6.44 

6.45 

6.46 

6.47 

6.48 

6.49 

6.50 

6.51 

6.52 

6.53 


Show that the dissipation of stirring work to internal energy is iircvcraib ie. 

into internal energy or 



Show by second 

heat is irreversible. 

What is a Carnot cycle? What arc the four processes which constitute the cycle? 
Ejtplain the Carnot heat engine cycle executed hy: (a) a stationary system, and (b) 
a steady flow system. 

What is a rev ersed heat engine? 

Show that the efficiency of a reversible engine operating between two given 
constant tempemtures is 
Show that the efficiency of all reversible heat engines opeiatmg between the same 
temperatufc levels is the same. 

Show that the efficiency of a reversible engine is independent of the nature or 
amount of tbe working substance going through the cycle. 






at which heat is transferred? 

is the absolute thennodynamic tempemture scale? Why is it called 

absolute? 

How IS the absolute scale indepdent of the working substance? 


How ciocs 



Kelvin Scale? 


point exists on the 



scale but that 


point cannot 



of the 

statement of the third law. 



law. 


Is the third taw an extension of the second law? Is it an independent law of 



How does the efticiency of a reversible engine vary as the source and sink 
temperatures are varied? When does the efficiency become 100%? 


d 


For a given show that the COP of a refrigerator increases as decreases 

Explain how the Kelvin temperature can be measured with a gas thermometer. 


Establish the equality of ideal gas temperature and Kelvin temperature 


Whdit do you understand by internal irreversibility and external irreversibility? 
Explain mechanical, thermal and chemical irreversibilities. 

A Carnot engine with a fuel burning device as source and a heat sink cannot be 

treated as a reversible plant. Explain. 



6.1 An inventor claims lo have developed an engine that takes in 105 MKJ at a 


temperature o f 4tM) K, rejects 42 MJ at a lempefature of 



K, and delivers 


IS kWh of mechanical work. Would you advise investing money to put this 
engine in the market? 


6.2 [f a refrigerator is used for 



purposes in winter so that the atmosphere 


becomes the cold body and the room to be 



becomes the hot body^ how 


much heat would be available for heating for each kW input to the driving motor? 

The COP of the refrigerator is 5, and the electiomechanical effic iency of the motor 

is 90%. How does this compare wtih resistance heating? 

^fij. 5.4 kW, IkW 
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6.3 Using an engine of 30% thennat efficiency of drive a re^gcrator itaving a COP 

of what is the h^t inpuit into the engine for each Ml removed from the cold 


body by (he re frigerator? 


Ans. 666.67 kJ 


If this system is used as a heat pump, how many MJ of heat would be available 
for heating for each MJ of heat input to the engine? 

Ans, 1.8 MJ 

6.4 An electric storage battery which can exchange heat only with a constant 
temperature atmosphere goes through a complete cycle of two processes. In 
process 1 -2* 2.8 kWh of electrical work flow into the battery while 732 kJ of heat 
flow out to the atmosphere. Ehuing process 2-1»2.4 kWh of work flow out of the 
battery, (a) Find the heat transfer in process 2-1. (b) If the process 1-2 has 


occurred as above, does 


first law or the second law limit the maximum 


possible work of process 2-1? What is the maximum possible work? <c) If the 

maximum possible work were obtained in process 2-1, what will be the heat 

transfer in the process? 

(a) - 708 kJ (b) Second law, Qi-i ~ ^ 

6.5 A household refrigerator is maintained at a temperature of 2*C. Every time the 
door is opened, warm material i s placed inside, introducing an average of420 kJ, 
but making only a small change in the temperature of the refngemtor. The door is 

opened 20 times a day, and the refrigerator operates at 15% of the ideal COP. The 
cost of work is 32 paise per kWh. What is the monthly bill for this refrigerator? 

The atmosphere is at 30°C. 

Arts. Rs. 15.20 

6.6 A heat pump working on the Camot cycle takes in heat from a reservoir at 5“C 
and delivers heat to a reservoir at 60^C. The heat pump is driven by a reversible 
heat engine which takes in heat from a reservoir at 840''C and rejects heat to a 
reservoir at 60°C. The reversible heat engine also drives a machine that absorbs 

30 kW. If the heat pump extracts 17 kJ/s from the 5“C reservoir, determine (a) 
the rate of heat supply from the 840X source, and (b) the rale of heat rejection to 

the sink. 

An$. (a) 47,61 kW; (b) 34.61 kW 

6.7 A refrigeration plant for a food store operates with a COP which i s 40% of the 
ideal COP of a Camot of refrigarator. The store is to be maintained at a 
temperature of “5“C and the beat transfer from the store to the cycle is at the rate 
of 5 kW. Ifhcat is trans feired from the cycle to the atmosphere at a temj^raiure of 
25°C, calculate the power required to drive the plant and the heal discharged to 
the atmosphere, 

Ans. 4.4 kW, 6,4 kW 

6.8 A heat engine is used to drive a heat pump. The h^t transfers from the heat 
engine and from the heat pump are used to heat the water circulating through the 
radiators of a building. The effr cieucy of the heat engine is 27% and the COP o f 

the heat pump is 4. Evaluate the ratio of the heat transfer to the circulating wator 


to the heat transfer to the heat engine. 


Ans. 1. 


6.9 If 20 kJ are added to a Camot eye le at a temperature of 100*^C and 14.6 kJ are 
rejected at 0®C, determine the location of absolute zero on the Celsius scale, 

Ans. -270jrC 
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6.10 Two reversible heat engines A and B are arranged in series, A rejecting heat 

directly to Engine A receives 200 kj at a temperature of 42 [ °C from a hot 
source, while engine B is in communication with a cold sink at a temperature of 

4,4“Ch If the work output of A is twice that of 5, find (a) the intermediate 
temperature between A and B, (b) the efficiency of each engine, and (c) the heat 
rejected to the cold sink. 

Ans. 143.4“C,40%&33.5%, 80kJ 

6.11 A beat engine operates between the maTtimum and minimum temp^atures of 

671 *C and 60*C respectively, with an efficiency of 50% of the appropriate Carnot 
efficiency. It drives a heat pump which uses Kver water at 4.4^C to heal a block 

of flats in which the temperature is to be maintained at 21. TC. Assuming that a 

temperature difference of 11. PC exists between the working fluid and the river 


temperature difference of 11. PC exists between the working fluid and the river 
water, on the one hand, and the required room temperature on the other, and 
assuming the heat pump to operate on the reversed Carnot cycle, but with a COP 
of 50% of the ideal COP, find the heat input to the engine per unit heat output 
from the heat pump. Why is direct heating thermodynamical Ly more wasteful? 

Ans. 0.79 kj/kj heat input 

6,12 An ice-making plant produces ice at atmospheric pressure and at 0*C from water 


at The mean temperature of the cooling wat^ circulating 



the 


condenser of the refrigerating machine is 18°C. Evaluate the minimum electrical 
work in kWh required to produce I tonne of ice. (The enthalpy of fusion of ice at 
atmospheric pressure is 333.5 kJ/kg). 

Ans. 6J1 kWh 

6.13 A reversible engine works between three therma! reservoirs, A , B and C. The 

engine absorbs an equal amount of heat from the thermal reservoirs A and B kept 
at temperatures and Tg respectively, and rejects heal to (he thermal reservoir C 
kept at temperature T^. The efficiency of the engine is a times the efficiency of 
the reversible engine, which works between the two reservoirs A and C Prove 


that 


h 

r. 


{la- !) + 2(l -Cf) 


T 


A 


L 


6h 14 A reversible engine operates between temperatures Ti and T{T^>T), The energy 

rejected from this engine is received by a second reversible engine at the same 
temperature T. The second eng ine rej ccts energy at temperature Tj (F^ <; 7). Show 
that (a) tempereture T is the arithmetic mean of temperatures Fj and r 2 i f the 
engines produce the same amount of work output and (b) temperature T is the 


geometric mean of temperatures F i and F 2 if the engines have the 
efficiencies. 


cycle 


6.15 Two Carnot engines A and B are connected in series between two thermal 

reser\oirs maintained at 1000 K and 100 K. respectively. Engine A receives 
16 SO kJ of heat fi'om the bigh-lcmpcmtuie reservoir and rejects heat to the Camoi 
engine B. Engine B takes in heat rejected by engined and rejects heat to the low- 
temperature reser>'oir. If engines A and B have equal thermal efficiencies, 
determine (a) the heat rejected by engine B, (b) temperature at which heat is 

rejected by engine A , and (c) the work done during the process by enginesand 
B respectively. If engines A and B deliver equal work, determine (d) the amount 
of heat taken in by engine and (e) (he efficiencies of engines A and B. 

Ans. (aj 168 kJ, (b) 316.2 K, (c) 1148.7, 363.3 y, 

(d) 924 y, (e) 45%, 81.8%. 
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6.16 A heal pump is to be used to lieat a bouse m winter and then reversed to cool the 

house in summer. The interior temperature is to be maintained at 20^C. Heat 
transfer through the walls and roof ts estimated to be 0.525 kJ/s per degree 
temperature difference between the inside and outside, (a) If the outside 
temperature in winter is 5°C, what is the minimum power requiied to drive the 
heat pump? (B) If the power output is the same as in part (a), what is the 
maximum outer temperature for which the inside can be maintained at 20°C7 

Arts, (a) 403 W, (b) 35'’C. 

6.17 Consider an engine in outer space which operate on the Carnot cycle. The only 

way in which heat can be transferred fixtm the enging is by radiation. The rate at 
which heat is radiated is proportional to the fourth power of the absolute 
temperature T 2 and to the area of the radiating surface. Show that fmr a given 
power output and a given the area of the radiator will be a minimum when 
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6.18 It takes 10 kW to keep the interior of a certain house at 20“C when the outside 

temperature is 0®C. This heat flow is usually obtained directly by burning gas or 
Oil. Calculate the power required if the 10 kW heal flow were supplied by 
operating a reversible heat put with the house as the upper reservoir and the 
outside surroundings as the lower reservoir. 

Arts. 0.6826 kW 

6.19 Prove that the COP of a reversible refrigeTator operating between two given 

temperatures is the maximum. 

6.20 A house is to be maintained at a temperature of 20“C by means of a heat pump 

pumping heat from the atmosphere. Heat losses through the walls of the house 
are estimated at 0.65 kW per unit of temperature difference betw^een the inside of 
the house and the atmosphere, (a) If the atmospheric temperature is -10*C, what 
is the minirmun power required to drive the pump? (b) It is proposed to use the 


same heat pump to cool the 



in summer. For the same room temperature> 


the same heat loss rate, and the same power input to the pump> what is the 
maximum permissible atmospheric temperature? 

vinj. 2kW,50“C. 

6.21 A so Lar-powered heat pump receives heat from a ^lar collector at rejects heat 

to the atmosphere at and pumps heal fmm a cold space at T^. The three heat 
transfer rates are and respectively. Derive an expression for the 

minimum ratio in terms of the three temperatures. 

If 4 ^ 4t)0 K, 4 = 300 K, 4 = 200 K, = 12 kW, what is the minimum If 


the collector captures 0.2 kW/m , what is the minimum collector area required? 

Ans. 24 kW, 120 m“ 


6.22 A heat engine operaiing between two reservoirs at 


K and 300 K is used to 


drive a heat pump which extracts beat from tlie reservoir at 300 K at a rate twice 
that at which the engine rejects heat to it. If the efficiency of the engine is 40% of 
the maximum possible and the COP of the heat pump is 50% of the maximum 
possible, what is the temperature of the resen'^oir to which the beat pump rejects 
heat? What is the rate of heat rej ection from the heat pump i f the rate of heat 
supply to the engine is 50 kW? 

Arts. 326.5 K, S6kW 
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6.23 A reversible power cycle is used to drive a reversible heat pomp cycle. The power 

cycle takes in heat nnils at and rejects at The heal pump abstracts 

from the sink at and discharges Qy at Ty Develop an expression for the ratio 


6,2S 


Ans, 


9± 

Q 


\ 


QJQ\ in terms ofthc four temperatures. 

^ TM-n) 

T,(Ty-T^) 

6.24 Prove that the following propositions arc logically equivalent: (a) A PMM2 is 

impossible, (b) A weight sliding at constant velocity down a frictional inclined 
plane executes an irreversible process. 

6.25 A heat engme receives half of its heat supply at 1000 K and half at 500 K while 

rejecting heat to a sink at 300 K. What is the maximum possible thermal 


efficiency of this heat engine? 


Arts. 0.55 


626 A heat pump provides 3x10'* kJ/h to maintain a dwelling at 23 “C on a day when 


the outside temperature is O^C. The power input to the heat 



is 4 kW. 


Determine the COP of the heat pump and compare it with the COP of a reversible 
heat pump operating between the reservoirs at the same two temperatures. 

Ans. 2.08, 12.87 

6.27 A reversible power cycle receiver energy from a reservoir at temperature 

and rejects Qiiosi reservoir at temperature Ty The work developed by the power 
cycle is used to drive a reversible heat pump that removes energy Q ^2 ^ 

reservoir at temperature 7*2 and rejects energy to a reservoir at temperature 
T\. (a) Determine an expression for the ratio ffy/Qi in terms of the four 

temperatures, (b) What must be the relationship of the temperatures T,, r 2 , 

and Ti for ffi/Qi to exceed a value of unity? 


Ans, (a) 


Q 




I 


7;(7r- Ti) 


,(b) 


S 

Ti 





When the outside temperature is - IC'^C, a residential heat pump must provide 

3.5 X 10* kJ per day to a dwelling to maintain its temperature at 20'C. If 

electricity costs Rs, 2.10 per kWh, find the minimum theoretical operating cost 
for each day of operation. 

Ans, Rs. 208.83 







7.1 Introduction 

The first law of thermodynamics was stated in terms of cycles first and it was 
shown that the cyclic integral of heat is equal to the cyclic integral of woiic. When 
the first taw was applied for thermodynamic processes, the existence of a 
property, the internal energy, was found. Similarly, the second law was also first 
stated in tenns of cycles executed by systems. When applied to processes, the 
second law also leads to the definition of a new property, known as entropy. If the 
first law is said to be the law of internal energy, then second law may be stated to 
be the law of entropy. In fact, thermodynamics is the study of three E 's, namely^ 
energy, equilibrium and entropy. 

12 Two Reversible Adiabatic Paths Cannot 

Intersect Each Other 


Let it be assumed that two reversible adiabatics^ C andBC intersect each other at 
point C (Fig. 7.1). Let a reversible isotherm AB be drawn in such a way that it 
intersects the reversible adiabatics dXA and 5. The three reversible processes ^.5, 
5C, and CA together constitute a reversible cycle, and the area included 
represents the net work output in a cycle. But such a cycle is impossible, since net 
work is being produced in a cycle by a heat engine by exchanging heat with a 
single reservoir in the process^lff, which violates the Kelvin-Planek statement of 
the second law. Therefore, the assumption of the intersection of the reversible 
adiabatics is wrong. Through one point there can pass only one reversible 

adiabatic. 


Since two constant property lines can never intersect each other, it is inferred 
that a reversible adiabatic path must represent some property, which is yet to be 
identified. 


gcsohiikics 





Entropy 





Fig, 7,1 Assumption of two revmible adiobatics intmictir^ tuck other 


7*3 Clausius^ Theorem 


Let a system be taken from an equilibrium state i to another equilibrium state/by 
following the reversible path i-f (Fig, 7.2). Let a reversible adiabatic i-a be 
drawn through i and another reversible adiabatic h-/be drawn through f Then a 
reversible isotherm a--h is drawn in such a way that the area under i-a-b -^is 

equal to the area under i-f. Applying the first law for 



Fig. 7.2 RevetsibU path substiluUd by two reversibU adiabatics and a rmersibk iso^ierm 


Process i-f 
Process i-a-b-f 
Since 




(7.1) 

(7.2) 
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0tf ~ Q^h 

Heat transferred in the process i-f is equal to the heat transferred in the 
isothermal process 

Thus any reversible path may be substituted by a reversible zigzag path, 
between the same end states, consisting of a reversible adiabatic followed by a 
reversible isotherm and then by a reversible adiabatic, such that the heat 
transferred during the isothermal process is the same as that transferred during 

the original process. 

Let a smooth closed curve representing a reversible cycle (Fig. 73) be 
considered. Let the closed cycle be divided into a large number of strips by means 
of reversible adiabatics. Each strip may be closed at the top and bottom by 
reversible isotherms. The original closed cycle is thus replaced by a zigzag closed 
path consisting of alternate adiabatic and isothermal processes, such that the 
heat transferred during all the isothermal processes is equal to the heat 
transferred in the original cycle. Thus the original cycle is replaced by a large 
number of Carnot cycles. If the adiabatics are close to one another and the 

number of Camot cycles is large, the saw-toothed zigzag line will coincide with 
the original cycle. 

For the elemental cycle ahedt d Qi heat is absorbed reversibly at T,, and d Q 2 

heat is rejected reversibly at Ti 




k 



Rev. ad iabatics 


Rev isotherms 


Original reversible 

drde 


Fig, 73 A reversiblt cycle split into a large number af Carnot cycles 


agi ag; 

T, 

If beat supplied is taken as positive and heat rejected as negative 

7 ; Tj 

Similarly, for the elemental cycle efgh 
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0 
















If similar equations are written for all the elemental Camot cycles, then for 
the whole original cycle 





The cyclic integral of diQIT for a reversible cycle is equal to zero. This is 
known as Claushis * theorem. The letter R emphasizes the fact that the equation 
is valid only for a reversible cycle* 

7A The Property of Entropy 

Let a system be taken fmm an initial equilibrium state / to a final equilibrium 
state/by following the reversible path (Fig. 7.4). The system is brought 



Fig, 7,4 Twq TfjvrsibU paths R j and betwetn two equilibrium stales i andf 


back from /to i by following another reversible path i? 2 . Then the two paths Ry 
and R 2 together constitute a reversible cycle. From Clausius' theorem 



The above integral may be replaced as the sum of two integrals, one for path 
/?j and the other for path R 2 








f 


I 



When the two equilibrium states are infinitesimally near 




where is an exact differential because S is a point fimction and a property. 
The subscript i? in d ^ indicates that heat d 0 is transferred reversibly. 

The word ‘entropy’ was first used by Clausius, taken from the Greek word 



J/K. The specific entropy 








If the system is taken from an initial equilibrium state i to a final equilibrium 
state fhy an irreversible path, since entropy b a point or state function, and the 
entropy change is independent of the path followed, the noii-reversible path b to 
be replaced by a reversible path to integrate for the evaluation of entropy change 
in the irreversible process (Fig. 7.5). 
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^i=f 


do 


rev 


1 


T 


(AS) 


irrev 



(7.6) 


Integration can be performed only on a reversible path. 


7,4*1 TemperatUfE'EntfOpy Plot 

The infimtesimal change in entropy dS due to reversible heat transfer iQ at 
temperature Tts 


6S 


^0 


rev 


T 


ifdo 




and 


0, i.e., the process is reversible and adiabatic 

dy=o 

= constant 


A reversible adiabatic 



is, therefore, an igentropic process. 


Now 


de 




rds 


f 


or 


Q 




f 7-dS 


The system is taken from i to / reversibly (Fig* 7.6)* The area 



f 


curve J T dS is equal to the heat transferred in the process. 


I 


For reversible isothermal heat transfer (Fig* 7*7)^ T = constant 


the 



f 

= r J = TTSf - Si) 

I 

For a reversible adiabatic proc^, d5 = 0, S=C (Fig, 7*8). 

The Carnot cyde comprising two reversible isotherms and two reversible 
adiabatics forms a rectangle in the TS plane (Fig. 7.9)* Process 4-1 represents 
reversible isothermal heat addition Qi to the system at froin an cKtemal 

'r- ' . .T Jill- h - . .iljl - ■ •ri 



Fig* 7#S lUmsibU ^mh&tk h 

iseniropic 





source, process 1-2 is the reversible adiabatic expansion of the system 
producing amount of woric, process 2-3 is the reversible isothermal heat 
rejection hrom the system to an external sink at 72^ and process 3-4 represents 
reversible adiabatic compression of the system consuming amount of work. 
Area 1 2 3 4 represents the net work output per cycle and the area under 4-1 
indicates the quantity of heat added to the system 


^Carnot 




Q: 


TAS, - Si) - TAS, - S,) 


Q, 


TiCS-S.) 


T, 


T 


T, 


h 

T, 


and 




(T 


r,) (S, - Si) 


IS Principle of Caratheodory 


The property “entropy" was here introduced through the historical route as 

initiated by the engineer Carnot and elaborated by the physicists Kelvin and 
Clausius. Starting with the statement expressing the impossibility of converting 
heat completely into work, or the impossibility of spontaneous heat flow from a 


colder to a hotter body, an i 


heat engine of maximum efTiciency was 


described- With the aid of this ideal engine, an absolute temperature scale was 
defined and the Clausius theorem proved. On the basis of the Clausius theorem, 
the existence o f an entropy function was in ferred. 

In 1909, the Greek mathematician Caratheodory proved the existence of an 
entropy function without the aid of Carnot engines and refiigerators, but only 
by mathematical deduction. Let us consider a system whose states are 
determined by three thermodynamic coordinates Jt,y and r. Then the first law in 
differential form may be written as 


d2 = Adx + 


+ Cdz', 


fiinctions ofx, y and z. The 


of this system is subject to the condition 


&Q - + 


+ Cdz - 0 
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which leads to the mathematical statement of the second law as; 

In the neighbourhood of any arbitrary initial state of a physical system 

there exist neighbouring states yehich are not accessible from Pf^ along quasi¬ 
static adiabatic paths. 

It follows from Caratheodory's theorem that this is possible if and only if 
there exist functions T and S such that: 

dfi = i4dx + Bdy + Cdz = TdS 

Thus, by stating the second law in terms of the inaccessibility of certain 
states by adiabatic paths, and by using a mathematical theorem (for the proof 
see Hsieh), Caiatheodory inferred the existence of an entropy function and an 
integrating factor connected with the Kelvin temperature. 







Let us consider a cycle ABCD (Fig. 7,10). Let AB be a general process, either 
reversible or irteversible, while the other processes in the cycle are reversible* 
Let the cycle be divided into a number of elementary cycles, as shown* For one 
of these elementary cycles 


i 


- 

Fig. 7.10 fnegwility of Clausius 




where dj2 is the heat supplied at T, and beat rejected at r 2 * 

Now, the efficiency of a general cycle will be equal to or less than the 
efficiency of a reversible cycle* 





1 


16<b 


Basic and Applied Iherm&^^mia 





for any process AB^ reversible or irreversible. 


For a reversible process 



Hence, for any process AB 


J?£ Sds 

T 

Then for any cycle 





S ince entropy b a property and the cyclic integral of any property is zero 




This equation b known as the inequality of Clausius. Ix provides the criterion 
of the reversibility of a cycle. 
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I 



7*7 Entropy Change in an Irreversible Process 


For any process undergone by a system, we have from Eq, (7,8) 




This is frirther clarified if we consider the cycles as shown in Fig. 7,11, 




Fig. 7,11 Ettirtipy efmngi m an imversibU proem 


where and B are reversible processes and C is an irreversible process. For the 
reversible cycle consisting of A and B 



A B 




A c 

From Eqs (7.11) and (7.12), 



(7.12) 
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2 

B 




Since the path B is reversible, 



(7.13) 



S ince entropy is a property .entropy changes for the paths B and C would be 

the same. Therefore, 



2 

B 


2 

C 


From Eqs (7.13) to (7.15), 



Thus, for any irreversible process, 




whereas for a reversible process 



Therefore, for the general case, we can write 






The equality sign holds good for a reversible process and the inequality sign 
for an irreversible process. 
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7.8 Entropy Principle 

For any infinitesimal process undergone by a system, we have from Eq, (7*10) 
for the total mass 


dS>^ 

T 

For an isolated system which does not undergo any energy interaction with 

the surroundings, d 0 = 0. 

Therefore, for an isolated system 

(7.17) 

For a reversible process, 

ds.„ = 0 

or S= constant 

For an irreversible process 

d5.„>0 

It is thus proved that the entropy of an isolated system can never decrease. It 

always increases and remains constant only when the process is reversible. 
This is known as the principle of increase of entropy, or simply the entropy 

principle. It is the quantitative general statement of second law from the 
macroscopic viewpoint. 

An isolated system can always be formed by including any system and its 
surroundings within a single boundary (Fig. 7.12). Sometimes the original 
system which is then only a part of the isolated system is called a 'subsystcin’. 



System 


Surroundings isolated 
(composite) system 


Fig. 7 ,12 Isolated system 


The system and the surroundings together (the universe or the isolated 

system) include everything which is affected by the process. For all possible 
processes that a system in the given surroundings can undergo 



> 0 



Entropy may decrease locally at some region within the isolated system, but 
it must be compensated by a greater increase of entropy somewhere within the 
S 3 ^tem so that the net effect of an irreversible process is on entropy increase of 


U rhcbc'! I cc hii iuh gese; b. ulz it- ^ W 













the whole system. The entropy increase of an isolated 


IS a measuife 


the extent of irreversibility of the process undergone by the system. 

Rudolf Clausius suounarized the first and second laws of thennodyiiamics in 
the following words: 

(a) Die Energie der Welt ist Constant. 

(b) Die Entropie der Welt strebt einem Maximum zuu 

[(a) The energy of ihe worid (universe) is constant, 

(b) The entropy of the world tends towards a maximum . 

The entropy of an isolated system always increases and becomes a maximum 
at the state of equilibrium. If the entropy of an isolated system varies with some 
parameter x, then there is a certain value of which maximizes the entropy 


when — = 0 

ax 


and represents the equilibrium state (Fig. 7.13), The system is 


then said to exist at the peak of the entropy hill, and dS=0, When the ^stem is 
at equilibriumt any conceivable change in entropy would be zero. 





- 

Fig, 7 , 13 Equ iUkium sieU tf an mhud systm 



7*9 Applications of Entropy Principle 


The principle of increase of entropy is one of the most important laws of 
physical science. It is the quamitative statement of the second law of 
thermodynamics. Every irreversible process is accompanied by entropy 

increase of the universe, and this entropy increase quantifies the extent of 
irreversibiUty of the process. The higher the entropy increase of the universe, 
the hi^er will be the irreversibility of the process, A few applications of the 
entropy principle are illustrated In the following. 


7*9,1 Transfer of heat through a Finite Temperature Difference 

Let Q be the rate of heat transfer from reservoir ^ at to reservoir B at 
rj>r2(Fig. 7.14). 

For reservoir A, AS^ = - Q/Ty It is negative because heat Q flows out of the 
reservoir. For reservoir J, AS^ = -t- QIT 2 * It is positive because heat flows into 




Enitapy 



System boundary 



.. 0 




i 



Resarvolr A 


Reservoir 0 


Fig* 7*14 H^at through a finite temperatuTe differente 


the reservoir. The rod connecting the reservoirs suffers no entropy change 
because^ once in the steady state, its coordinates do not change. 

Therefore, for the isolated system comprising the reservoirs and the rod, and 
since entropy is an additive property 

5 = 5^ + Sb 

^univ 

= A5^4-iSB 


or 


PS 


univ 


e + e 

r, r. 


Q 


T, 


1 


T. 


2 




Since T 


If 


i 



7'2t ^univ positive, and the process is irreversible and possible, 

is 


Tj, ASuniv zero, and the process is reversible. If T] < 7'2, 


uruv 


univ 


negative and the process is impossible. 


7*9*2 Mixing of Two Fluids 

Subsystem 1 having a fluid of mass /ng, specific heat Cg, and temperature and 
subsystem 2 consisting of a fluid of mass m 2 , specific heat C 2 , and temperature 
t 2 , comprise a composite system in an adiabatic enclosure (Fig. 7.15). When the 
partition ia removed, the two fluids mix together, and at 


Partrtkin 


////////y////m^^ //////////////////. 

y 1 / * * ' - 
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Subsystem 1 


Adiabatic 

sndosure 


^i>f^ 


Subsystem 2 


Fig. 7.15 Mixing of two fluids 


equilibrium let If be the final temperature, and ?2 ^ ff ^ ^ 1 ^ Since energy interaction 
is exclusively confined to the two fluids, the system being isolated 

mi cj (fi - tf) = m 2 C2 (If - /j) 


I -b- ‘I. :htlii 
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m^C] ^ 2^2 

Entrapy change for the fluid in subsystem 1 


A5 


.-I 


T( 


iQ 


T 


rev 


I 


T, 


myCydT 


T 


In 


5 

T 


In 


tf +273 


/i + 273 


This will be negative, since > 7}. 

Entropy change for the fluid in subsystem 2 


A5 


m2C2dr 


T 


m2C2 


5 

T, 


WJ2C2lll 


tf + 273 

r2 + 273 


This will be positive, since 


AS 


UAlV 


dS, + AS, 


m.c, 


T T 

1“ ■++ ">2 In ■:;f 

Jl l2 


AS 


muv 


will be positive definite, and the mixing process is iirevcrsLble. 


Although the mixing process is ineversible, to evaluate the entropy change 

for the subsystems, the irreversible path was replaced by a reversible path on 
which the integration was performed. 


Ifm 


m 2 = m and c 


C2 = c. 


^univ 


me In 


7 *2 

f 


t: r. 


and 


Z 


m,Ci7] + m2C27'2 


ffijq + ^ 2^2 




2 


AS^^ = 2 me In 


(7; + r 2)/2 




This is always positive, since the arithmetic mean of any two numbers is 
always greater than their geometric mean. This can also be proved geometri¬ 
cally. Let a semi-circle be dr^wn with (Tj + jy as diameter (Fig. 7.16). 


Here, AB 


Tu BC 


and OE 


(Ti + r2)/2. It is known that 


(DBT = AB ‘ BC = TJ.- 


Now, 
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OE>DB 


j.+r. 
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7.9.3 Maximum W^fk 

at Temperatures Tf and 

Let us consider two identical fmite bodies of constant iieat capacity at 


temperatures 
are merely 
temperature 



T 2 respectively, T, being hi^er than If the two bodies 


I 





into thermal contact, delivering no work, the finat 

would be the maximum 


I 


f 


7 ; + 7 ; 

2 


H.E. 


\ Body 1 i 

I -T, ■ 

’ 1 

._1 

’ 

■ 

• 

1 

rO^ 

1 

1 

r02 

L- 

Body 2 

rz-*Ti 


W=Qi-Q2 


If a heat engine is operated between 
the two bodies acting as thermal en¬ 
ergy reservoirs (Fig. 7.17), part of the 
heat withdrawn from body 1 is con¬ 
verted to work W by the heat engine, 
and the remainder is rejected to body 
2, The lowest attainable tinal tempera¬ 
ture corresponds to the delivery of 
the largest possible amount of work, 
and is associated with a reversible 
process. 

As work is delivered by the heat 
engine, the temperature of body 1 will 

be decreasing and that of body 2 will be increasing. When both the bodies attain 
the fiaal temperature Tf, the heat engine will stop operating. Let the bodies 
remain at constant pressure and undergo no change of phase, 

Total heat withdrawn from body I 

e, = C, (7-, - Tf) 

where C^, is the heat capac ity of the two bodies at constant pressure. 

Total heat rejected to body 2 

Q2 = CAT(-T^) 


Fig* 7* i 7 Mfixim urn wcrk &biaimhk 

raw Jinitt bodies 







Amount of total woric delivered by the heat engine 


fV=Q 


02 


CATi + T2-2Tr) 


(7.19) 


For given values of Cp, T, and Tj, the magnitude of work W depends on 
Work obtainable will be maximum when Tf is minimum. 


Now, for body 1, entropy 



AS 


. - 'M 


T, 


T 


AS| is given by 

= C In-^ 

" 7; 


For body 2, entropy change AS^ would be 


AS 


I 

T, 


c 


T 


C In^ 

’’ r. 


Since the working fluid 



in the heat engine cycle does not 



any entropy change, AS of the working fluid in heat engine = ^ dS = 0. 


Applying the entropy principle 


A^uoiv^O 
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(7.20) 


From equation (7.20), 


r,to 


ri ■ 


a minimum 




0 




Since Cp ^ 0, 


In 


Jt 


0 = ln 1 


Z 




(7.21) 


For IF to be a maximum, 7^ will be 



W. 


c, (r, + T, 


, From cqu ation (7.19) 


Cn (yfri - 



The final temperatures of the two bodies, initially at Tj and Tj, can range 
from (T| + 7'2)/2 with no delivery of work to 7^ with ' '' ^ ' 

work. 



7.9.4 Afoximum Work Obtainable from a Finite Boify and a TBR 

Let one of the bodies considered in the previous section be a thermal energy 


reservoir. The finite body has a thermal 


itvC 


is at temperature 



Entropy 





the TER is at temperatiite Tg, siicli that 
T > Tq. Let a heat engine operate be¬ 
tween the two (Fig. 7.1 B). As heat is 

withdrawn from the body^ its tem¬ 
perature decreases. The temperature 
of the TER would, however, remain 
unchanged at Tq. The engine would 
stop working, when the temperature 
of the body reaches During that 
period, the amount of work delivered 
is FK and the heat rej ected to the TER 
is (Q - ffO- Then 



Fig. 7* 18 Maximum work ohtainaMt 

when one of the bodies is a TER 



7.9.5 







(i) Isothernial Disaipalion of Work Let us consider the isothermal 
dissipation of woik through a system into the internal energy of a reservoir, as 

in the flow of an electric current / through a resistor in contact with a reservoir 




Bmk and Applied therm&dymmics 


(Fig. 7.19). At steady state* the internal energy of the resistor and hence its 
temperature is constant. So* by first law 

W^Q 



Fig. 7.19 EKlernal meehamml iTre^miMlity 


The flow of current represents work transfer. At steady state the work is 
dissipated isothermally into heat transfer to the surroundings. Since the 
surroundings absorb Q units of heat at temperature T* 
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At steady state* = 0 




^univ = ■+* 


W 

T 


(7.23) 


The irreversible process ts thus accompanied by an entropy increase of the 


universe. 


(ii) Adiabatic Dissipatioii of Work Let ^be the stirring work supplied to a 
viscous thermally insulated liquid* which is dissipated adiabatic ally into internal 
energy increase of the liquid* the temperature of which increases from Fj to Tf 
(Fig. 7.20), Since there is no flow of heat to or from the surroundings* 


AS 


SUIT 



To calculate the entropy change of the system* the original irreversible path 

(dotted line) must be replaced by a reversible one between the same end slates* 



Fig. 7*20 AdmPatk dissipalim work 
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(and /. Let us replace the irreversible performance of work by a reversible 
isobaric flow of heat from a series of reservoirs ranging from 7\ to to cause 

the same change in the state of the system. The entropy change of the system 
will be 


f 
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where Cp is the heat capacity of the liquid. 


Tf 


^^sys ^^surr j\ 


(7.24) 


which is positive. 


7*10 Entropy Transfer Mechanisms 

Entropy can be transferred to or from a system in two forms: heat transfer and 
mass y/ow. In contrast, energy is transferred by work also. Entropy transfer is 
recognised at the system boundary as entropy crosses the boundary, and it 
represents the entropy gained or lost by a system during a process. The only 
form of entropy interaction associated with a fixed mass or closed system is 
heat transfer, and thus the entropy transfer for an adiabatic dosed system is 
zero. It is being explained below in more detaifs: 


(a) 



Since dS 


dg„v 

T 


, when heat is added to a system d 0 is 


positive* and the entropy of the system increases. When heal is removed from 
the system, dQ is negative, and the entropy of the system decreases. 

Heat transferred to the system of fixed mass increases the internal energy of 
the system, as a result of which the molecules (of a gas) move with higher 
kinetic energy and collide more frequently* and so the disorder in the system 

increases. Heat is thus regarded as disorganised or disordered energy transfer 
which increases molecular chaos (sec Sec, 7,16), If heat Q flows reversibly 
from the system to the surroundings at Fq (Fig, 7,21), the entropy increase of 
the surroundings is 


AS 




9UrT 


t; 




The entropy of the system is reduced by 


AS 




Q 




The temperature of the boundary where heat transfer occurs is the constant 
temperature It may be said that the system has lost entropy to the 
surroundings. Alternatively* one may state that the surroundings have 
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entropy from the system* Therefore, there is entropy transfer from the system 
to the surroundings along with heat flow* In other words, since the heat inflow 
increases the molecular disorder, there is flow of disorder along with heat. The 
sign of entropy transfer is the same as the sign of heat transfer: positive^ if into 

the system, and negative^ if out of the system. 



Fig, 7,21 Entwpy tmn^er along with hmiflow 


On the other hand, there is no entropy transfer associated with work. In 
Fig. 7.22, the system delivers work to a flywheel, where energy is stored in a 
fiilly recoverable form. The flywheel molecules are simply put into rotation 
around the axis in a perfectly organised manner, and there is no dissipation and 
hence no entropy increase of the flywheel. The same can be said about work 

transfer in the compression of a spring or in the raising of a weight by a certain 
height* There is thus no entropy transfer along with work* If work is dissipated 
adiabatically into internal energy increase of the system (Subsection 7*9.5), 
there is an entropy increase in the system, but there is as such no entropy 
transfer to it* 

Work is thus entropy free^ and no entropy is transferred with work. Energy 
is transferred with both heat and work, whereas entropy is transferred only 
with heat. The first law of thermodynamics makes no distinction between heat 
transfer and work. It considers them as equals. The distinction between heat 

transfer and work is brought about by the second law: an energy interaction 
which is accompanied by entropy transfer is heat transfer, and an energy 
interaction which is not accompanied by entropy transfer is work. Thus, only 
energy is exchanged during work interaction, whereas both energy and entropy 
are exchanged during heat transfer. 


(b) Mass Flow Mass contains entropy as well as energy, and the entropy and 
energy of a system are proportional to the mass. When the mass of a system is 
doubled, so are the entropy and energy of the system. Both entropy and energy 
are carried into or out of a system by streams of matter, and the rates of entropy 
and energy transport into or out of a system are proportional to the mass flow 
rate. Closed systems do not involve any mass flow and thus any entropy 
transport. When an amount of mass m enters or leaves a system, an entropy of 

amount ms, s being the specific entropy, accompanies it* Therefore, the entropy 
of a system increases by ms when the mass of amount 7?^ enters it, and decreases 
by the same amount when it leaves it at the same state. 
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7*11 Entropy Generation in a Closed System 

The entropy of any closed system can increase in two ways: 

(a) by heat interaction in which there is entropy transfer 

(b) internal irreversibilities or dissipative effects in which work (or K.E.) is 
dissipated into internal energy increase. 

If d is the infinitesimal amount of heat transferred to the system through 
its boundary at temperature T, the same as that of the surroundings, the entropy 
increase dS of the system can be expressed as 

dS = d^S + djS 

<iQ 

= -^+di5 (7,25) 

where d^S is the entropy increase due to external heat interaction and dj 5 is the 
entropy increase due to internal irreversibility* From Eq. (7*25), 

de 

d5^-p 

di5 ^ 0 (7,26) 

The entropy increase due to internal irreversibility is also called entropy 

production or entropy generation, 

In other words, the entropy change of a system during a process is greater 

than the entropy transfer (d Q/T) by an amount equal to the entropy generated 

during the process within the system (dj^, so that the entropy hatonce gives: 

Entropy change = Entropy transfer + Entropy generation 

which is a verbal statement of Eq, (7,25) and illustrated in Fig, 7,23, 

It may so happen that in a process (e.g., the expansion of a hot fluid in a 
turbine) the entropy decrease of the system due to heat loss to the surroundings 

is equal to the entropy increase of the system due to internal 
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This portion of lh s boundary 
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Fig* 7*23 lUvstration of th fntropy Irans^ and mtropy pToduiiim tmcepts. 


irreversibilities such as friction^ etc. (JdjiS], in which case the entropy of the 
system before and after the process will remain the same (J d5 = O). Therefore^ 

an isentropic process need not be adiabatic or reversible. 

Bui if the iseniropic process is reversible^ it must be adiabatic. Aho, if the 
isentropic process is adiabatic, it cannot but be reversible. An adiabatic process 
need not be iseniropic, since entropy can also increase due to friction etc. But if 
the process is adiabatic and reversible, it must be isentropic. 

For an infinitesimal reversible process by a closed system. 
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dUj^ + pdV 


If the process is irrevers ible^ 




Since £/ is a property. 
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+ 


pdV-dW 
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(7.27) 


The difference (pdV - dW) indicates the work that is lost due to 

irreversibility, and is called the lost work d (L IF), which approaches zero as the 

process approaches reversibility as a limit. Equation (7.27) can be expressed in 
the form 

dS = d^S djS 

Thus the entropy of a closed system increases due to heat addition 
internal dissipation (d^5). 
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In any process executed by a system, energy is always conserved, but 

entropy is produced internally. For any process between equilibrium states 1 
and 2 (Fig* 7*24), the first law can be written as 
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Fig. 7.24 Schtmaiic of a elostd iystrm infrrafiii^ wilk in lumium/ji^ 


By the second law. 
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It is only the transfer of energy as heat which ts accompanied by entropy 
transfer, both of which occur at the boundary where the temperature is T. 
Work interaction is not accompanied by any entropy transfer* The entropy 


change of the system (-^2 " -^i) exceeds the entropy transfer 


I 


The 

I ' 


difference is produced internally due to irreveersibi 1 ity * The amount of entropy 


generation is given by 
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s,~s, 
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M = V 


(7*28) 


Entropy Eniropy Entropy 
change iran^fcr production 

S 0 

The second law states that, in general, arty thermodynamic process is 
accompanied by entropy generation. 
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Process 1-2, which docs not generate any entropy 


process (Fig. 7,25). Paths for which S 



sen 


= 0), is a reversible 
0 are considered irreversible. Like 

heat transfer and work transfer during the process 1-2, the entropy generation 
also depends on the path the system follows. is, therefore, not a thermody¬ 

namic property and dis an inexact differentia^ although (5^^ - 5^) depends 
only on the end states. In the diEFerential form, Eq, (7.28) can be written as 



s 
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(7,29) 


TTie amount of entropy generation quantifies the intrinsic irreversibility 
of the process. If the path A causes more entropy generation than path B 
(Fig. 7.25), Le. 


the path A is more irreversible than path B and involves more * lost work’. 

If heat transfer occurs at several locations on the boundary of a system, the 
entropy transfer term can be expressed as a sum, so Eq, (7,28) takes the form 






i 


(7.30) 


where QfT^ is the amount of entropy transferred through the portion of 
boundary at temperature 7], 



On a time rate basis, the entropy balance can be written as 


dS 

dr 


ji “^gen 

J 



(7.31) 


4 

where dSf d r is the rate of change of entropy of the system, Q/Tj i s the rate of 

entropy transfer through the portion of the boundary whose instantaneous 

temperature is Ty and is the rate of entropy generation due to irreversibilities 

within the system. 
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7«12 Entropy Generation in an Open System 

In an open system, there is transfer of three quantities: mass, energy and 
entropy. The control surface can have one or more openings for mass transfer 

(fig. 7,26). It is rigid, and there is shaft work transfer across it. 
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The continuity equation gives 
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rate of mass 
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(7.32) 
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The energy equation gives 
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(7.33) 


net rate of energy 
tansfer 


rate of ene 


accumulation in the C V 



The second iaw inequality or the entropy principle gives 
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(7.34) 


rate of increase of 

entropy of the CV 


■ 

Here Q represents the rate of heat transfer at the location of the boundary 

I 

where the instantaneous temperature is T. The ralio Q/T accounts for the 

entropy transfer along with heat* The terms and account, respectively, 
for rates of entropy transfer into and out of the CV accompanying mass flow. 
The rate of entropy increase o f the control vo lume cxceds, or i s equal to, the net 
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rale of entropy transfer into it. The difference is the entropy generated within 
the control volume due to irreversibility- Hence, the rate of entropy generation is 


given by 
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(7.35) 


By the second law, 




if the process is reversible, = 0. For an irreversible process, 

The magnitude of quantifies the irreversibility of the process. If systems 


> 0. 


A and B operate so that (5gcn)A ^ (^gcn)i *1 ^ system A 


operates more irreversibly than system B, The unit of is W/K, 
At steady state^ the continuity equation gives 
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(7,36) 


the energy equation becomes 
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and the entropy equation reduces to 
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(7.38) 
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These equations often must be solved simultaneously, together with 
appropriate property relations. 

Mass and energy are conserved quantities, but entropy is not generally 
conserved. The rate at which entropy is transferred out must exceed the rate at 
which entropy enters the CV, the difference being the rate of entropy generated 
within the CV owing to irreversibilities. 

For one-inlet and one-exit control volumes, the entropy equation becomes 
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743 Fii^ and Second Laws Combined 


By the second law 


<^Q 


rev 


TdS 


and by the first law, for a closed non-flow system, 


dQ = dU+pdV 



T6S = W + p&V (740) 

Again, the enthalpy 

H^U^pV 
d// = dt/+pdr+ 

^TdS+ V4p 

T6S^ilH-V6p (7.41) 


Equations (7.40) and (7.41) are the thermodynamic equations relating the 
properties of the system. 

Let us now examine the following equations as obtained from the first and 
second laws: 

(a) 6Q = 6E + ^ W —This equation holds good for any process, reversible 
or irreversible, and for any system. 

(b) (t g = dC/+pd fF-“This equation holds good for any process undergone 
by a closed stationary system. 

(c) dP'^dCZ + pd V —This equation holds good for a closed system when 
only pdF-work is present. This is true only for a reversible (quasi^static) 


process, 

(d) d 0 = TdS—This equation is true only for a reversible process, 

(e) T6S = dt/ + pdV —This equation holds good for any process reversible 
or irreversible* undergone by a closed system, since it is a relation among 
properties which are independent of the path. 


(f) TdS 


dH 


Kc^This equation also relates only the properties of a 


system. There is no path function tenn in the equation. Hence the 
equation holds good for any process. 

The use of the term irreversible process’ is doubtful, since no irreversible 
path or process can be plotted on thermodynamic coordinates. It is more logical 
to state that The change of state is irreversible, rather than say ‘it is an 
irreversible process’, A natural process which is inherently irreversible is 
indicated by a dotted line connecting the initial and final states, both of which 

arc in equilibrium. The dotted line has no other meaning, since it can be drawn 
in any way. To determine the entropy change for a real process* a known 
reversible path is made to connect the two end states, and integration is 
performed on this path using either equation (e) or equation (f), as given above. 
Therefore, the entropy change of a system between two identifiable equilibrium 
states is the same whether the intervening process is reversible or the change of 
state is irreversible. 







In the differential form, the steady flow energy equation per unit mass is given 

by Eq. (5.11), 


d0 = d/i + VdV 4- ^ + d 






For a reversible process, <1Q= Tds 

rdjF = dft + VdV + ^dZ+d 

Using the property relation, Eq, (7,41). per unit mass, 

rdj = dh - mlp 
in Eq* (742), wc have 

^z?dp = VdV + gdZ+dW, 

On intergration 



If the changes in K£ and EE are neglected, Eq, (7*44) reduces to 
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W, = -j Wlp 
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If d G = 0, implying dj = 0, the property lelatioii ^ves 

dh - vdp 

2 

OT ^ = J 

I 

From Eqs (745) and (7,46), 








the integration, one must have a relation between p and v such as p^ = constant. 



Fig, 7J7 Reversihk skudy JUw work intira^tion 








= area 12 ab 1 


Equation (7.47) holds good for a steady flow work-producing macbiiic like an 
engine or turbine as well as for a work-absorbing machine like a pump or a 
compressor, when the fluid undergoes reversible adiabatic expansion or 
compression. 

It may be noted that for a c losed stationary system like a gas confined in a 
piston-cylinder machine (Fig, 7.2$a), the reversible work done would he 



2 

= J pdy= Area \2cd I 
1 


CloseO system 


^ B 4 h 

' I a r 

J 9 ^ ^ 

I •« • • 

9 .fc am 
I t m Ik 

4 - 4 ■ 


I m 


m r 





The reversible woric done by a steady flow system (Fig. 7.28b) would be 
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W ^_2 = - J t?dp = Area 12 ab \ 
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7. IS Entropy and 

Direc^onal Law of 


: The Second Law—A 



S i nee the entropy of an isolated system can never decrease, it follows that only 
those processes are possible in nature which would give an entropy increase for 


the system and die surroundings together (the universe). All spontaneous 



processes in nature occur only in one direction from a higher to a lower 

and these are accompanied by an entropy increase of the universe. 
When the potential gradient is infinitesimal (or zero in the limit)^ the entropy 
change of the universe is zero, and the process is reversible. The second law 
indicates the direction in which a process takes place. A process always occurs 
in such a direction as to cause an increase in the entropy of the universe. The 
macroscopic change ceases only when the potential gradient disappears and the 
equilibrium is reached when the entropy of the universe assumes a maximum 
value. To determine die equilibrium state of an isolated system it is necessary to 
express the entropy as a function of certain properties of the system and then 
render the funedon a maximum. At equilibrium, the system (isolated) exists at 
the peak of the entropy-hill, and dS = 0 (Fig. 7,13). 

The natural direction of events in which entropy increases indicates the 
^arrow of time' which results from the universe not being in 



equilibrium. It undergoes a natural evolution and inexorably approaches the 
state of equilibrium. 


7.16 Entropy and disorder 

Work is a macroscopic concept. Work involves order or the orderly motion of 
molecules, as in the expansion or compression of a gas. The kinetic energy and 
potential energy of a system represent orderly forms of energy. The kinetic 
energy of a gas is due to the coordinated motion of all the molecules with the 
same average velocity in the same direction. The potential energy is due to the 
vantage position taken by the molecules or displacements of molecules from 
their normal posidons. Heat or thermal energy is due to the random thermal 
modon of molecules in a completely disorderly fashion and the average velocity 
is zero. Orderly energy can be readily converted into disorderly energy, e.g„ 
mechanical and electrical energies into internal energy (and then heat) by 
friedon and Joule effect. Orderly energy can also be converted into one another. 
But there are natural limitations on the conversion of disorderly energy into 
orderly energy^ as delineated by the second law. When work i s di ssipated into 
internal energy, the disorderly motion of molecules is increased. Two gases, 
when mixed, represent a higher degree of disorder than when they are ,separated. 
An irreversible process always tends to take the system (isolated) to a state of 
greater disorder. It is a tendency on the part of nature to proceed to a state of 
greater disorder. An isolated system always tends to a state of greater entropy. 
So there is a close link between entropy and disorder, it may be stated roughly 



Entropy 



is a measure of the degree of molecular disorder 

heat is imparted to a system^ the dl^rderly raotioti 

system increases. 





that the entropy of a 
existing in the system. 

of molecules increase 

occurs when heat is removed from the system. 

Ludwig Boltzmann (1§77) intrcMluced statistical concepts to define disorder 
by attaching to each state a thermodynamic probability^ expressed by the 
quantity W\ which is greater the more disordered the state is. The increase of 
entropy implies that the system proceeds by itself Irom one state to another 
with a higher thermodynamic probability (or disorder number). An irreversible 
process goes on until the most probable state (equilibrium stale when fF is 
maximum) corresponding to the maximum value of entropy is reached. 
Boltzmann assumed a functional relation between S and W. While entropy is 
additive, probability is multiplicative. If the two parts A and B of ^ system in 

equilibrium are considered, the entropy is the sum 


5 - 5 * 5 


A 




and the thermodynamic probability is the product 


W=W^W^ 


Again, 


S = S(W).S^ = S(W^), and = W 


which is a well- 
relation is reached 



S( ff) = 5( = Si W^) + Si W^) 

functional equaton for the 



Thus the 



S = K]iiW 


(7,4S) 


where Khz constant, known as Boltzmann constant. This is engraved 




When W ^ I, which represents the greatest order, pS = 0. This occurs only at 


T - OK. This state cannot be reached in a finite number of operations. This is the 
Nemst-Stmon statement of third law of thermodynamics. In the case of a 



W increases due to an increase in volume V or temperature T. In the reversible 
adiabatic expansion of a gas the increase m disorder due to an increase in volume 
is just compensated by the decrease in disorder due to a decrease i n temperature, 
so that the disorder number or entropy remains constant. 


7* 17 Absolute Entropy 

It is important to note that one is interested only in the aniounl by which the 
entropy of the system changes in going from an initial to a final state, and not in 
the value of absolute entropy. In cases where it is necessary, a zero value of 
entropy of the system at an arbitrarily chosen standard state is assigned, and the 
entropy changes are calculated with reference to this standard state. 


7.18 Entropy and Information Theory 

The starting point of information theory is the concept of uncertainty. Let us 
define an event as an occurrence which can result in one of the many possible 
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outcomes. The outcome of the event is known only after it has occurred^ and 
before its occurrence we do not know which one of the several possible 
outcomes will actually result. We are thus uncertain with regard to the outcome 
before the occurrence of the event. After the event has occurred, we are no 
longer uncertoin about it. If we know or can assign a probahihty to each one of 
the outcomes, then we will have some mformalton as to which one of the 
outcomes is most likely to occur. 

For example^ let us consider the throwing of a dice and try to guess the 
result Each event of turning 1, 3,4, 5 and 6 has a probability of 1/6, If it is 

told that the result is odd, the probability of a correct guess ts 1/3, If it is told 
further that the number is not a 3, the probabil ity of the correct guess becomes 
1 /2. It is thus seen that the smaller the probabtiity, greater is the unceriainty. 

The amount of information conveyed by a message increases as the amount 
of uncertainty regarding the message becomes greater. The more it is known 
about the message a source will produce, the less the uncertainty, and less the 
information conveyed. The entropy of commumcation theory is a measure of 

this uncertainty conveyed by a message from a source. 

As stated earlier, in information theory a value of uncertainty is associated 
with each outcome of an event. Let us denote the uncertainty about an outcome 
whose probability is p. The knowledge of this uncertainty depends on certam 
characteristics given below: 

1. The uncertainty u about an event A with possible outcomes iVj, iV 2 i ” ' 
depends upon the probabilities p[,/> 2 » of these outcomes, or: 

If is the probability of the Mh outcome: 

"= fip\i 

2. The uncertainty u is a monotonic function of the probability of the 
outcome p and it decreases with increasing probability, or: 

du/dp < 0 

3. When the probability p = 1, the uncertainty u = 0. 


4. Hie uncertainty about two 


events A 


one should be the sum of the uncertainties about A and B taken 


separately, 


u (A, 




In other words, uncertainty is an additive proper!}'. In the case of 
probabilities, however, 


p(A, 

The functional relationship between u and p can be derived, as in 

Eq. (7.48), 
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where ^ is a constant. Since p is always less than 1, is always positive. 

5. If the event has a very large number of outcomes^ an average value of 
uncertainty for the outcomes of the event is significant. 

P\j Pij P 27 be the probabilities of the outcomes of an event with 

uncertainties m iM j , -. ^ then the average value of the uncertainty for the 
event as a whole is given by the expectation value of the uncertainty <u>t 
which is written as: 


<u> 


YPi«i 


I 


4 


Since are probabilities, 
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Again, since Uj 

therefore. 


Klnp 
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(7.50) 
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The measure of uncertainty can be used to define the amount of information 
contained in a message. The information in a message has the etfect of reducing 
or eliminating uncertainties. We, therefore, define the information I in a 
message as the decrease in uncertain ri' as a result of receiving the message, or 

(7-51) 

^^ere and are the uncertainties before and afier receiving 
respectively about the outcome with which the message is concerned. Using 

Eq, (7.49), 




/ = Xln 
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(7.52) 


where p^ and are the probabilities before and after receiving the message 
respectively. 

If the message removes the uncertainty completely giving complete 
information about the outcome, 1/2 “ ^ ^ ^ ^ general, information is 

equal to the uncertainty. When we are dealing with many outcome s with their 
associated uncertainties, we can define the avemge or expected value of the 
information. 


<I> = <K> 


KT,Pi In Pi 


(7.53) 


The expected value of information is also called entropy in informati on theory 


and is designated by the symbol 5, so that 
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(7.54) 
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This is known as Shannon's formula. 




186 


and Applied Thtrmi^dynamics 



Let F,, V 2 ^ ... Fc values of the various outcomes, and are 

the probabilities associated. Let V is known as the average value of all the 
outcomes, which is the same as the G;tpected value. The equations of constraint 
are: 



Ifp/s are given, then V can be estimated from the above equation. But if V 
is given and p\ s are required, then we have c unknowns, viz,,/?j, -^Pey 
only two equations. If c > 2, the problem is indeterminate. If one set of p*^ s is 
chosen arbitrarily, some outcomes are certainly overemphasized. The problem 
is then how to avoid Am.c in selecting a certain set of/)^^ s. The answer according 
to E.T. Jaynes is to assign that set of values of p\ s which is consistent with the 
given information and which maximizes the uncertainty. This is the principle of 
minimum prejudice^ enunciated by Jaynes in the following words: 

^The least prejudiced or most unbiased estimate of probabitities is that 
assignment Mfhich maximizes the entropy S, subject to the given information 
The entropy S represents the uncertainty of an event, which is to he 
maximized: 


S--KTpi In Pi (7,54) 

subject to the two constraints of Eq. (7.55). Lagrange*s method of undeter* 
mined multipliers (see Chap. 21) will be used for the solution. Differentiating 
Eqs (7.54) and (7.55) 

Zd^i = 0 (7.56) 

IFjdpj-O (7.57) 

dS = - /T [L In Pi dpi 'f = 0 

or, L Inpi £(pj = 0 (7*58) 


where F -s are held constant and dS = 0 for 5 to be maximum. Multiplying 
Eq. (7*56) by X and Eq. (7.57) by and adding to Eq. (7.58). 

I[ln Pi + A + /JFJ dpi = 0 (7*59) 


where A and p are the Lagrange's multipliers* Since dpj's are non-zero, 



(7.60) 


The Eq. (7.60) represents a set of c equations: 

p. = 



= e-P 


The above equations are the desired unbiased set of p\ s* 
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Again, 
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(7.62) 


From Eq. (7.60), 
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(7.63) 


Thus, A has been estimated. Using Eq, (7^55) 
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(7.64) 
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Since V is known, p can be determined. The entropy can be expressed 


in terms of X and p asr 


5 


KXLp^ ^KpEp^ V- 


S^KX + Kp<V> (7.65) 

The above procedure is referred to as the Jaynes * formalism. 

7.18.^ InformuHon Theoty Applied to a System of ParHeles 

Let us consider a system having a large number of particles. According to the 
quantum theory (see Chap. 19), the energy that the system can have is discretely 
distributed. The system cannot have any energy, but only certain values of 
energy levels. Let us denote by the probability of the energy level Ej. A high 
probability signifies that the corresponding energy level is more frequently 
attained by the system, i,e., the system can be found for longer durations of 
time in that energy level. The problem is to determine the most probable state of 
the system subject to the constraints imposed by the nature of the system. 
Usually, the average energy of the system, which is also the expectation energy 
<E> is known by physical measurements. 


Therefore, 


and 


<E> = 

Ep,= \ 


E 


In statistical thermodynamics, one proceeds to determine the number of 
microstates corresponding to the most probable macrostate of the system 
(see Chap, 19), corresponding to the thermodynamic equilibrium state when W 
is maximized to yield 5 In The entropy signifies the uncertainty inherent 
in the system. 
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Jaynes' formalism can be applied here. The outcomes are the various possible 
energy levels corresponding to the various macrostates of the system. The 
probabilities pj of the energy levels are to be determined according to the 
principle of minimum prejudice, subject to the constraints, 

r;Pi = i 



Maximizing the uncertainty or the entropy: 


S 


K Ipi In p. 


we get the probability distribution, as obtained earlier in Eq. (7.60) 


Pi=e 





(7.66) 


where which is partition function (z) of the system 

in Chap, 1The maximum value of the entropy is then (as in Eq. 7. 

S = KX+kfi<E> 




(7.67) 


By considering the ideal distribution of an ideal gas, we can identiify p as 


VKT (Chap. 19), where K is the Boltzmann constant. Thus, the probability 
distribution of energy levels is temperature dependent (Eq. 7.66). 


7,18,3 







mtcs 


Classical thermodynamics usually treats the concepts of heat and work as 


primitive. The i 
quantities. 



, however, considers heat and work as derived 
is given by: 


<E> = XpjCj 


Differentiating, 


d<^ = dp. + Epj de^ 


(7.68) 


Thus, the observable energy of the system can be changed by 
either the probabilities, or the permissible states, or both. 



The entropy 


S 


In Pi 


shows that a change in the system's energy of the p^-type will change the 
entropy as welt, the change in the energy of the £^-type not affecting the entropy. 

Let us consider changes of the f j-type. If a force Fj acts on a system at the 
quantum state i and produces a small displacement dx, the internal energy of the 
system changes by d£^, so that 


F 


I 




If the probability that the system is in state / is P|, the expectation force is: 


<F> = Ip- F- 





9jc 


Therefore, 


(7.69) 




En tfopj 



By analogy for a fluid, the pressure is 


P 


^P\ 




Work done in a reversible process: 




From Eq. (7,70), 


aw. 


ZpidEi 


(7.70) 


(7,71) 


Thus, the reversible work does not produce ony change in the entropy of the 


system. 


From Eqs (7,68) and (7.71) 


a<E> = 3^ - a Wj 


or 


d0-dfF=Iei 


or 


aQ + i6W,-a^V) = l£idpi 


(7.72) 


Thus, the heat transferred, dQ, and the lost work^ (d W^-dW) are responsible 



for changes in Pj, and therefore, the entropy of the system. It is shown tl 
entropy of a system changes due to external interaction by heat transfer 
and due to internal dissipative effect (d^s). In absence of any dissipative effect. 



da = E£i4p 


I 


Substituting p^ = e'^ e in Eq, (7,69), 



Again, since 


d 


dx 


e 




] 


Therefore, 



Now, 








e 


dx 


e ^ 



d 


X 


1 


pie 

1 3 





P dx 

By analogy for a fluid, the pressure is 

_ 1 3A 

^ pdv 


dle-^ 

dx 

le-P^> ] 


1 dA 

P dx 


r 


(7.73) 


(7.74) 
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It is noted that A depends on ^ as well as e, and hence on volume V. 


Now, 


S=KX^K^<E> 
d5= iCdA + K<E> dj3 + d<£> 


K 





/V 


dv) 


dr 




4- K<E> dfi 4- /:^d<£> 


Now, 


<£> = i;Pi a = Ze-*- e-P'' ■ a 


££i e 




U 



V 


Therefore, 


dS 


K\Mr\ d8 + 



V 


u 

dV 






3A 

a/? 


dfi+Kpd<£> 


V 


Since 



KppdV+ K^d<E> 


1 


[From Eq, 7.74] 


KT 


dS 


pdV ^ dE 


T 


T 


or. 


TdS=dE-^pdV 


(7.75) 


which is a well-known equation of classical thermodynamics. For a reversible 


process 


dlV^^pdV 


and from first law, 


d0 = dE+ d^ 

cr0^=d£:+pdr 


(7.76) 


From Eqs (7.75) and (7.76), 


dS 


T 


(7.77) 


This is in conformity with the classical formula for entropy. However, the 
entropy is a fundamental concept in information theory and not a derived 
function as in ciassical thermodynamics. 


7, 




The property ‘entropy’ plays the central role in thermodynamics. In the 
ciassical approach, as followed in this book, entropy is introduced via the 

: ' rr- ^htl;- h _iiuf 



Entropy 


z=l^\ 

concept of the heat engine. It follows the way in which the subject of 
thermodynamics developed historically mainly through the contributions of Sadi 

Carnot, Jaipes Prescott Joule, William Thomson (Lord Kelvin), Rudolf Clausius, 
Max Planck and Josiah Willard Gibbs, , 

In the postulatory approach, as developed by H,B Callen (see Reference), 
entropy is introduced at the beginning. The development of the subject has been 
based on four postulates. Postulate I defines the equilibrium state. Postulate 11 
introduces the property 'entropy which is rendered maximum at the final equi¬ 
librium state. Postulate Til refers to the additive nature of entropy which is a 
monotonically inereasEng function of energy. Postulate IV mentions that the 
entropy of any system vanishes at the absolute zero of temperatue. With the 
help of these postulates the conditions of equilibrium under different constraints 
have been developed. 


Solved Examples 




Example 7.1 Water fiows through a turbine in which friction causes the water 

temperature to rise from 35"C to 37“C. If there is no heat transfer, how much 
does the entropy of the water change in passing through the turbine? (Water is 
incompressible and the process can be taken to be a constant volume.) 

Soiation The presence of friction makes the process irreversible and causes an 
entropy incE^aac for the system. The flow process is indicated by the dotted line 

joining the equilibrium states 1 and 2 (Fig. Ex. 7.1). Since entropy is a state 
property and the entropy change depends only on the two end states and is 
independent of the path the system follows, to find the entropy change, the 
irreversible path has to be replaced by a reversible path, as shown in the figure, 
because no integration can be made on a path other than a reversible path. 


310 K 

t-,-- 


' — I iTBver^Ee 


ReversiN© path 
coondE^tiog the inrtieE 
and final equilibrium 

states 


30SK 


dOfov 



S 


Fig, Ex. 7*1 


r;-37 + 273 -310 K 
ri = 35 + 273 = 308 K 
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We have 


40 


rev 


dS 


T6S 

mCydT 


T 


S 2 -S 






] X 4i87 h 


310 

308 


0,0243 kJ/K 


Ans 


Example 7.2 (a) One kg of water at 275 K is brought into contact with a heat 
reservoir at 373 K, When the water has reached 373 tC, find the entropy change 
of the water, of the heat reservoir, and of the universe, 

(b) If water Is heated from 273 K to 373 K by first bringing it in contact with 
a reservoir at 323 K and then with a reservoir at 373 fC, what will the entropy 
change of the universe be? 

('cl Explain how water minht be healed firom 273 K to 373 K with almost no 


(c) Explain how water might be he^ 
change in the entropy of the universe. 

Solution (a) Water is being healed 


Solution (a) Water is being healed through a finite temperature difference 
(Fig* Ex, 7.2), The entropy of water would increase and that of the reservoir 


would decrease so that the net entropy change of the water (system) and the 
resevoir together would be positive definite. Water is being heated irreversibly, 
and to find the entropy change of water, we have to assume a reversible path 
between the end states which are at equilibrium. 


/ 


Q 




' System 
' 273 K 


1 

X 


Reservoir 
373 K 


Fig. Ex, 7,2 


(ASL 


mter 


T 


1 

T| 


mcdT 


T 


1 X 4,187 In 


373 

I ■ ■ 

273 


me In 


Ik 


1.305 kJ/K 


IT nhtli- h -:-inhu1 


I 

I 


Entropy 



The reservoir temperature remains constant irrespective of the amount of 

heat withdrawn from iL 

Amount of heat absorbed by the system from the reservoir, 

Q=\y. 4187 X (373 - 273) - 418.7 kJ 

Entropy change of the reservoir 




Q 

T 



J 


373 


L122kJ/K 


\ Entropy change of the universe 


(AS) 


univ 


(ds) 








1.305- 1.122 = 0.183 kJ/K 


(b) Water is being heated in two stages, first from 273 K to 323 


it in contact with a reservoir at 323 K, and then from 323 K to 373 
it in contact of a second reservoir at 373 K. 


A nsX, a) 




323 K 373 K 

- Jmc— + J/nc 

273 K ^ 323 K 

dr 

r 


= 4.187 f In + In 

^ 273 

373^ 
323 J 

— 

= 1.305 kJ/K 


(AS)„., = 

lx 4.187 X (323 

-273) 

323 


{AiS)rt^ 11 ^ 

lx4.187x(373 

-323) 

373 


y * 

- (AS)^ip,. + [ 

+ (A5) 

- 

= 1.305-0.647-0.56 

— 

= 0.098 kJ/K. 



(0.1673 4-0,1441)4.187 


0.647 kJ/K 


0.56 kJ/K 


res [] 


A nj,(b) 

(c) The entropy change of the universe would be less and less if the water is 
heated in more and more stages, by bringing the water in contact successively 
with more and more heat reservoirs, each succeeding reservoir being at a higher 
temperature than the preceding one. 

When water is heated in infinite steps, by bringing it in contact with an 
infinite number of reservoirs in succession, so that at any instant the tempera¬ 
ture difference between the water and the reservoir in contact is infinitesimally 
small, then the net entropy change of the universe would be zero, and the water 
would be reversibly heated. 

Example 73 One kg of ice at -5®C is exposed to the atmosphere which is at 
20^C. The ice melts and comes into thermal equilibrium with the atmosphere, 
(a) Determine the entropy increase of the universe, (b) What is the minimum 

amount of work necessary to convert the water back into ice at -5^C? of ice 
is 2.093 kj/kg K and the latent heal of Jusioo of ice is 333,3 kJ/kg, 



Solution Heat absorbed by ice Q from the atmosphere (Fi g* Ex. 73.1) 





(' Ice 


J -5“C 


T* . r' i 


Fig. Ex. 73 J 


Heat absorbed m solid phase + Latent beat 
+ Heat absorbed in liquid phase 

1 X 2.093 X 



(-5)] + 1 X 333.3 + 1 X 4.187 x (20 - 0) 


427.5 kJ 


Entropy change of the atmospher. 


(AS) 


atm 


Q 

T 


427.5 

293 


1.46 kJ/K 


Entropy 



of the system (ice) as. it gets heated from -5*C to 0*C 


571 


(Ml) 


system 


me 




268 


T 


1 X 2,093 In 


273 

268 


2.093x0.0186 


0.0389 kJ/K 


Entropy change of the system as ice melts at 0®C to become water at 0®C 


(iSii) 


3333 


system 




273 


1.22 kJ/K 


Entropy change of water as it gets heated from 0®C to 2ff^C 


293 


(Mrr,) 


[I].'system 


me 


P 


273 


r 


291 

1 X 4.187 In ~ 

273 


0,296 kJ/K 


Total entropy change of ice as it melts into water 


+ Mji + AS 


JN 


-0.0389+ 1.22 + 0.296 
= 1.5549 U/K 

The entropy-temperature diagram for the system as ice at converts to 
water at 20X is shown in Fig. Ex, 7.3.2 
Entropy increase of the universe 


(M) 


iiniv 


(AS) 


syslMi 


+ (AS) 


aim 


1.5549- 1.46 = 0.0949 kJ/K. 


Atis. (a) 




Entropy 




=—— 

Fig* Ex* 7*3*2 


(b) To convert 1 kg of water at 20^ C 
to ice at -S^C^ 427*5 kJ of heat have to 
be removed from it^ and the system has 
to be brought from state 4 to state 1 
(Fig. Ex. 7.3.2). A refrigerator cycle, as 
shown in Fig. Ex. 7.3.3, is assumed to 
accomplish this. 

The entropy change of the system 
would be the same, i.e. - 5,, with 
the only difference that its sign will be 
negative, because heat is removed 
from the system (Fig, Ex. 7,3.2). 

(^syslem ” “ ^4 

(negative) 



at 293 K 


Q + W 


W 



Q = 427.5 kJ 


1 kg Water at 20*^3 
to (ce at - 5^ 


System 





, Ex, 733 


The entropy change of the working fluid in the refrigerator would be zero, 

since it is operating in a cycle, i.e., 

(AS)^f=0 

The entropy change of the atmosphere (positive) 



Entropy change of the universe 
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Q+W 



By the principle of increase of entropy 
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Q + fV 


T 
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^l) 


m 


(min) 


ns, -S^)-Q 

= nsA-s,)-Q 


Here 


Q = 427,5 kJ 

7 = 293 K 




1.5549 kJ/K. 


(miD.) 


5549 - 427.5 


kJ 


A ns. (b) 


Example 7,4 Two identical bodies of constant heat capacity are at the same 
initial temperature 7j* A refrigerator ooerates between these two bodies until 
one body is cooled to temperature T,. 



undergo 


remain at constant pressure 
the minimum amount of work 


this 


W. 


(min) 


f ^2 

C„ -^4^7 

? 'T 

V h 


\ 


2 


27 


y 



Solution Both the finite bodies A and B are initially at the same 
Body A is to be cooled to temperature T 2 by operating the refrigerator cycle, as 

shown in Fig* Ex. 7.4* Let 7/ be the final temperature of body B. 


w 



Ti-^Tz 






Wl 


J 


*Q 


Bccty 


Tl 


Fig. Ex. 7.4 


Heat removed from body A to cool it 

e=c.(rj-r3) 


T- 


2 



7 to 7, 


where C„ is the constant pressure heat capacity of the i 
Heat discharged to body B 

= e +( F = c - cn - 7 i ) 



and B 


- 7i) - Cp (7; - Tj) 


C. (Ti + ^2- 2Ti) 


(7.4.1) 
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Work input, FT 





Entropy 


Now, the entropy change of bodiy A 


A5 
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7 

jc, 


Ti 


T 


T 

Cp In — (negative) 

7J 


The entropy change of body B 


1 

A5b= JC 


dT 




J Cp — = Cp In — (positive) 

T, ^ ^ 


Entropy change (cycle) of refrigerant = 0 
Entropy change of the universe 










CplnA + Cpln^ 


By the entropy principle 


C 


{^S)uj,iv ^ 0 

^ + C In -^1 > 0 
7i " t; J 

Cpln^^ kO 

F T'i 


(7.4J) 


In equation (7.4,1) with Cp, T 2 , and Tj being given, JF wtl I be a 
when 7*2 is a minimuin. From Hq, (7,4,2), the minimum value of Tj 
would correspond to 


minimum 


P 


0 = ln 1 




Zl 

r. 


From equation (7A1) 




(min) 


r 'pZ 


IT: 


Proved. 


Example 7^ Three identical Bnite bodies of constant heat capacity are at 


temperatures 300, 300 and 


K. If no work or heat is supplied from 



what is the highest temperature to which any one of the bodies can be raised by 
the operation of heat engines or refrigerators? 


Solution Let the three identical 





C having the same heat 


capac ity C be respectively at 300IC, 1 Ofr K and 3 (K) K initially, and let us operate 

% 

a heat engine and a refrigerator* as shown in Fig, Ex, 7*5, Let Tf be the final 
temperature of bodies A and and 77 be the final temperature of body C. Now 
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Fif. Ex. 7.5 


where C is the heat capacity of each of the three bodies 


Since 
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umv 


S 0 


T T \ 

Cln—!- + Cln—E- + CJn—i-20 

300 100 300J 

Clnso 


9,000,000 


For minimum value of Tj-, C In 


9x10* 


0 = lnl 


t; 


Now 


Again 


r/ r; 


9,000,000 


Qi = C(300 - r,) 

0, = c(rf-ioo) 
O4 = c(rf-3oo) 


Q 


tr 




A 


Heat discharged to bodies B and C 

02 + 04 


C(300 - Tf) = C(Tf- 100) + C (Ff - 300) 

Tf = 700 -2Tf 

Tf will be the highest value when Ff is the minimum. 
From equations (7,5,1) and (7.5,2) 


Tf (700 - 2Ft) = 9,000.000 


2T? 


Tf + 9, 


or 


0 


r.-lSOK 


From Eq. (7.5,2) 


(7.5.1) 


(7.5,2) 
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rf = (700-2 X 150)K 
= 400 K 


Alls 


Example IS A system has a capacity at constant volume 


C^ = A'^ 


where A = 0.(M2J/K^ 


The system is originally at 200 K, 
and a thermal reservoir at 100 K is 
available^ What is the maximum 

amount of work that can be recovered 
as the system is cooled down to the 
temperature of the reservoir? 

Soiution Heat removed from the 
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Qi-w 


Reservoi r 
100 K 


system 
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(AS) 


system 



. Ex, 7,6 
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630 + 


+ m 

98x10 


ns 


3 


w 


100 


(AS) 


univ 


> 0 





100 


980 


W 


100 


630 >0 














Example 1^ A fluid undergoes a reversible adiabatic compression fnim 
0*5 MPa^ 0*2 to 0-05 according to the law, ^ constant* Detemiine 
the change in enthalpy, internal energy and entropy, and the heat transfer and 
wodc transfer during the process* 

Solution 

T6S = dH- Kdp 

For the reversible adiabatic process (Fig* Ex. 7.7) 
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= (Uj- Ui) + (p, -PtV,) 
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Si-S 
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1-2 
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171.77 kJ 
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Example 7.8 Air is flowing steadily in an insulated duct. The pres sure and 
temperature measurements of the air at two stations A and B are given below. 
Establish the direction of the floAv of air in the duct Assume that for air, specific 


heat Cp is constant at 1,005 kj/kg lL,h = c^T, 



V 

T 


0.287 




P 



3 


T are pressure (in kPa)^ volume (in m /kg) and temperature (in K) respectively 


Pressure 
T emperature 


Station A 

130 kPa 


50^C 


Station B 

100 kPa 

i3°c 


Solution From property relation 

rd5 = dA - 



ds 
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T 


For two states at ^4 and 5 the entropy change of the system 
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273 +13 
273 + 50 



.287 In 
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’r . ' ri. 


ill 


I I 

■ sILf 


202 


= -0,1223 + 0,0753 
= - 0,047 y/kg K 
= -0.047 y kg K 

Since the duct is insulated (AS^gun- ” ^ 

(AS)unjv = -0.047 kJ/kg K 

This is impossible. So the flow must be from B to A. 

Example 7.9 A hypothetical device is supplied with 2 kg/s of air at 4 bar, 
300 K. Two separate streams of air leave the device^ as shown in figure below. 
Each stream is at an ambient pressure of 1 bar, and the mass flow rate is the 
same for both streains. One of the exit streams is said to be at 330 K while the 

other is at 270 K. The ambient temperature is at 300 K. Determine whether such 
a device is possible. 

Solution The entropy generation rate for the control volume (Fig. Ex. 7.9) is 

^ ffiE ^ J j 
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Air in 



Fig, Ek* 7 J 


Example 7.10 A room is 


at 27^C while the surroundings are 


at 2®C. The temperatures of the inner and outer surfaces of the wall {k = 
0.71 W/mK) are measured to be 21 “C and 6"C, respectively. Heat flows steadily 
through the wall 5 m x 7 m in cross-section and 032 m in thickness* Determine 
(a) the rate of heat transfer through the wall, (b) the rate of entropy generation 


in the wall, and (c) the rate of 
process. 

Solution 

Q = kA 


entropy geiieration with this heat transfer 


AT 

L 


0,71 


W 

mK 


X (5 X 7)m^ X 


(21-6)K 


0.32 m 


1164.84 W 


Ans. (a) 


Taking the wall as the system, the entropy balance in rate form gives 
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dr 


C i C 

-^trwwfer ^ ^gen.wali 
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Q 
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gen.wall 
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294 


279 


+ S 


gcti.will 


Rate of entropy generation in the wall 


S 


gen.woll 


4,175^3.962-0.213 W/K 


Ans. (b) 


The entropy change of the wall is zero during this process, since the state 
and hence the entropy of the wall does not change anywhere in the wall. 

To determine the rate of total entropy generation during this heat transfer 


process* we extend the system to include the 



on both sides of the wall. 
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= 4.236 - 3,883 = 0.353 W/K 
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7.6 


7. 



7.14 



Show that ihrough oiie 



there can p&s% only ooe reversible adiabatic. 



72 State and prove Clausins^ 

7.3 Show that entropy is a property of a system. 

74 How is the entropy change of a reversible process estimated? Will it be 

different for an iirevcrsible process between the same end states? 

7.5 Why is the Carnot cycle on T-s plot a rectangle? 






. How is the existence of entropy function 


infeired? 


?J Establish the inequality of Clausius. 

7.8 Give the criteria of reversibility, iireversiblility and impossibility of a Ihenno- 

dynamic cycle. 

7.9 What do you understand by the entropy principle? 


When the system is at equilibrium, why would any conceivable 
entropy be zero? 



m 


7.11 Why is the eotropy morose of an isolated system a measure of the extent of 

irreversibility of the process undergone by the system? 

7.12 How did Rudolf Clausius summarize the first and second laws 

namics? 

7.13 Show that the transfer of heat 




a 





IS 


irreversible. 



fluids is irreversible. 


7,15 What is the maxmium work obtainable horn two finite bodies at temperatures 

fj arid 

Determine the maximum woit obtainable by using one finite body at 

temperature T and a thcnnal energy reservoir at temperature Tq, T 

7.17 What are the causes of eotropy iiicrease? 

7.18 Why is an isentropic process not necessarily an adiabatic process? 

7.19 What is the reversible adiabatic work for a steady flow system when K.E. and 

P. E. changes are negligibly small? How is it different fiom that for a closed 

stationary system? 

7.20 Under what conditions is the work done equal to (a) J dv^ (b) - | o <j^? 
721 Why are the equations 

TdS = dU + pdy . 

TdS = m-Vdp 

valid for any process between two equilibrium end states? 

7,22 Why is the second law called a dkectionai law of nature? 

723 How is entropy related to molecular disorder in a system? 

7.24 Show that entropy varies logarithmically with the disorder number, 

7.25 What do you understand by perfect order? 

7.26 Give the Nemst-Simon statement of the third law of thennodynamics. 

727 Why does entropy remain constant in a reversible adiabatic process? 

728 What do you understand by the postulatory approach of thermodynamics? 

729 What do you understand by ' lost work'? 
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7.30 

7.31 

7.32 

7.33 

734 

735 

736 

737 

738 

7.39 

7.40 


7.41 

7.42 

7.43 

7.44 



m 


The amount of entropy generation quantifies the mtrinsic ureversiblity of n 
process. Explain. 

Show that is not a thermodytiamic property. 

Give the expression for the entropy generaition rate for a control volume of a 

steady flow system. 

Wlmt is the entropy 



in the isothermal 



of work? 


What is the entropy generation in the adiabatic dissipation of work? 

What do you understand by entropy transfer? 



IS 





associated with heat transfer and not with work transfer? 

What is the relation between probability and imccrtainty of an event? How is 
entropy defined in communication theory? 

State the five characteristics on which the uncertainty of an event depends. 
What is the expectation value of uncertainty? 

Define information and explain its relation with entropy. What is 

formula? 

What is bias? State and explain the principle of minimum prejudice. 

Explain the procedure of Jaynes" formalism to prove: 

S = KX + Kp<V> 

Explain how information theory^ is applied to a system of particles. What is 
partition function? 

Explain the relation of information theory and classical thermodynamics. 
How do the heat transfer and the Lost work affect changes in and hence the 
entropy of a system? 

Since information theory considers heat and work as derived quantities^ show 

that for a reversible process: 

(a) Zp- dfj - p dK 

(b) 




^ entropy is a 
derived function as in classical 



information theory and not a 



7.1 On the basis of the first law fill in the blank spaces in the following table of 
imaginary beat engine cycles. On the basis of the second law classify each 
cycle as reversible* irreversible* or impossible. 

Cycle Temperature Rate of Heat Fhw Rate of workEjJiciency 


(a) 

Source 

32TC 

Sink 

irc 

Supply 

420kJ/s 

Rejection 

230kJ/s 

output 

...kW 


(b) 

lOOOX 

100“C 

...kJ/min 

43 MJ/min 


65% 

(c) 

750 K 

300 K 

...kJ/s 

.,.y/s 

26 kW 

60% 

(d) 

700K 

300 K 

3kW 

...kW 

2kW 



7.2 The latent heat of fusion of water at 0®C is 335 kJ/kg. How much does the 
entropy of 1 kg of ice change as it melts into water in each of the following 
ways: 





(a) Heal is supplied reversibly to a mixture of ice and water at 0*C. (b) A 
mixture of ice and water at 0“C is stinred by a paddle wheel. 

7J Two kg of water at SO“C are mixed admbaticaliy with 3 kg of water at 30®C 
io a constant pressure process of 1 atmosphere► Find the increase in the 
entropy of the total mass of water due to the mixing process (Cp of water - 


4,lS7kJ/kgK). 


Arts. 0.0592 kJ/K 


74 In a Carnot cycle* heat is supplied at 350''C and rejected at 27®C. The working 

fluid is water which* while receiving heat* evaporates from liquid at 350^C to 

steam at 350°C* The associated entropy change is L44 kJ/kg K. (a) if the cycle 

operates on a stationary mass of 1 kg of water* how much is the work done per 
cycle, and how much is the heat supplied? (b) If the cycle operates in steady 
flow >K'ith a power output of 20kWj what is the steam flow rate? 

Ans. (a) 465,12, S97.12kJ/kg,{b)0.043kg^3 

7.5 A heat engine receives reversibly 420 kJ/cycle of heat from a source at 327"C, 
and rejects heat reversibly to sink at 27°C. There are no other heat transfers. 
For each of the three hypothetical amounts of heal rejected* in (a), (b)* and (c) 
below* compute the cycl ic integral of d: QJT. From these results show which 

case is irreversible* which reversible* and which impossible: (a) 210 kJ/cycle 

rejected, (b) 105 kJ/cycle r^ected, (c) 315 kJ/cycle rejected. 

Ans^ (a) Reversible* (b) Impossible* (c) Irreversible 

7.6 In Fig. P,7.6, abeti represents a Carnot cycle bounded by two reversible 


adiabatics and two reversible isotherms at temperatures T) and r 2 > 7^). 

The ova! figure is a reversible cycle, where heat is absorbed at temperatures 

less than* or etfual to* and rejected at temperatures greater than* or equal to* 
Tj. Prove that the efficiency of the oval cycle is less than that of the Camot 

cycle. 


a. 

1 



V 


Fig* P* 7*6 


7.7 Water is heated at a constant pressure of 0.7 MPa. The 



poi nt i s 


164.97®C. The mitia! temperature of water is 0®C. The latent heat of evaporation 


is 2066*3 kJ/kg, Find the increase of entropy of water, if the final state is steam* 

4 nj. 6.6967 kJ/kgK 

7.8 One kg of air initially at 0*7 MPa, 20'^C changes to 0.35 MPa, 60°C by the three 
reversible non-flow piocesses, as shown in Fig. P. 7,8* Process l-n-2 consists 
of a constant pressure expansion followed by a constant volume cooling, 
process [-b-2 an isothermal expansion followed by a constant pressure 
expansion* and process l-o2 an adiabatic expamion followed by a constant 
volume heating. Determine the changes of internal energy, enthalpy* and 
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entropy for each process, and find the work transfer and heat transfer for each 


process. Takes c. 


1*005 and c 


0*71S kl/kgt K and assume the specific 


heats to be constant Also assume for air pv- 0.287 T, where ;> is the pressure 
in kPa, v the specific volume in m^/kg, and T the temperature in K. 

1 r- Rev. Isothermal 


0. 


" 0.7 MPa 


Rev* adlebatk: 


O.SS Mpa 

60'’C 


2 

C 


Fig, E 7*8 


7.9 Ten grammes of water at 20°C is converted into ice at 


C at 


atmospheric pressure. Assuming the specific heat of liquid water to remain 

constant at 4.2 J/gK and that of ice to be half of this value* and taking the 

I 

latent heat of fusion of ice at O^C to be 335 J/g, calculate the total entropy 


change of the system. 


Ans. 16.02 J/K 


7*10 Calculate the entropy change of the universe as a result of the following 

processes: 

(a) A copper block of 60Q g mass and with Cp of 150 J/K at I OCX is placed in 
a lake at S^'C. 

(b) The same block, at 8°C, is dropped from a height of 100 m into the lake. 

(c) Two such blocks, at 100 and 0°C, are joined together. 

Ans. (a) 6*63 J/K, (b) 2.095 J/K, (c) 3.64 J/K 
7,11 A system maintained at constant volume is initially at temperature T^, and a 

heat reservoir at the lower temperature is available* Show that the maximum 
work recoverable as the system is cooled to fg is 


fF=cj(7;-rg) 


Tgln 


L 


7.12 A body of finite mass is originally at temperalurc which is higher than that 

of a reservoir at temperanire Suppose an engine operates in a cycle 
between the body and the reservoir until it lowers the temperature of the body 
from T] to thus extracting heat Q from the body* If the engine docs work iV, 
then it will rqcct heat Q-W to the reserv'oir at Tj* Applying the entropy 
principle, prove that the maximum work obtainable f^m the engine is 


fV. 




Q - TifS, - Si) 


where Sj - 5^ is the entropy decrease of the body. 

If the body is maintained at constant volume having constant volume heat 


capacity C, 


8.4 kJ/K which is indqwodent of lemperature, and if Tt = 373 K 


and = 303 K, determine the maximum work obtai nable. 


Ans. 58.96 kJ 


’r ■ ' . rr- 'clitli- i Thu^- 


■ri 
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7.13 Each of three i<lentica) bodies satisfies the equation U = Cr, where C is the 

heat capacity of each of the bodies. Their initiat temperatures are 200 K* 250 K, 
and S40 K. If C = 8.4 kJ/K, what is the maximum amount of work that can be 
extracted in a process in which these bodies are brought to a final common 


temperature? 


Ans. 736 kJ 


7. [4 In the temperature range between 0°C and lOO'^C a particular system 

maintained at constant volume has a heat capacity. 


C, =A + 2BT 
with /I = 0.014 J/K and 5 = 4.2 X 10"^ J/K 



2 


A heat reservoir at O^C and a reversible work source are availabtCH What is the 
maximum amount of work that can be transferred to the reversible work source 
as the system is cooled from 100*C to the temperature of the reservoir? 

Afjs, 4.508 J 

7JS A reversible engine, as shown in Fig^ Ph 7J5, during a cycle of operation 

draws 5 MJ from the 400 K reservoir and docs 840 kJ of work. Firtd the amount 
and direction of heat interaction with other reservoirs. 

Atts. ft = + 4.98 MJ ft = -0.82 MJ 



200K 


Qj 



02 


Qi. 


1 i=5MJ 




T 

^ W=840kJ 

Rg* P* 7*15 

7.16 For a fluid for which pv/T is a constant quantity equal to i?, show that the 


change in specific entropy between two states A 



B is given by 


T 


s 




s 


A 



c 


p 


T 


T 



/fin 


Pb 

Pa 


A fluid for which R is b constant and equal to 0.2S7 kJ/kg K, flows steadily 
through an adiabatic machine, entering and leaving through two adiabatic 
pipes. In one of these pipes the pressure and temperature are 5 bar and 450 K 
and in the other pipe the pressure and temperature are 1 bar and 300 K 
respectively. Determine which pressure and temperature refer to the inlet pipe. 

For the given temperature range, is given by 


Cp = 0 In T+b 


where T is the numerical value of the absolute temperature and a - 0.026 

kJ/kg K,b = 0*86 ki/kg K. 

Ans, jj, " = 0.0509 kJ4ig K, A ts the inlet pipe 
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7,17 Two vessels, A mi B, each of volume 3 may be connecteit by a tube 

of tiegUgible votume. Vessel A contains air at O.T MPa, 95°C, while vessel 

B contains air at 0.35 MPa, 205"C. Find the change of entropy when A 

is connected to B by working from the first principles and assuming the 
mixing to be complete and adiabatic. For air take (he relations as given in 

Examples. 7.8. 


0.947 U/K 


(a) An aluminium block {c^ = 400 J/kg K) with a mass of 5 kg is initially at 40“C 
in room air at 20°C. It is cooled reversibly by tmnsfbiring heat to a completely 
reversible cyclic beat engine until the block reaches 20°C. The 20®C room air 

serves as a constant temperature sink for the engine. Compute (i) the change 
in entropy for the block, (ii) the change in entropy for the room air, (iii) the 
work done by the engine, 

(b) If the aluminium block is allowed to cool by natural convention to room 

air, compute (t) tlie change in entropy for the block, (ii) the change in 

entropy for the room air (iii) the net change in entropy for the universe. 
,4nxCa)- 134.2 J/K, + 132 J/K, 1306 J, (b) - 132 J/K, + 136,5 J/K, 4.5 J/K 

7.19 Two bodies of equal heat capacities C and temperatures and form an 

adiabatically closed system. What will the final temperature be if one lets this 
system come to equilibrium (a) ^cly? (b) reversibly? (c) What is the maximum 

work which can be obtained from this system? 

7.20 A resistor of 30 ohms is maintained at a constant temperature of 27°C while a 

current of 10 amperes is allowed to flow for I sec. Determine the entropy 


change of (he resistor and the universe. 


0,(A5) 


UIl[V 


10 J/K 


A ns. ^ 

If the resistor initially at 27^C is now insulated and the same current is passed 
for the same time, determine the entropy change of the resistor and the 


universe. The specific 
resistor is 10 g. 



of the resistor is 0.9 kJ/kg K and the mass of the 


Ans. i^S) 


UIUV 


6.72 J/K 


7.21 An adiabatic vessel contains 2 kg of water at 25°C. By paddle-wheel work 

transfer, the temperature of water is increased to 30°C, If the specific heat of 
water is assumed constant at 4,187 kJ/kg K, find the entropy change of the 


universe. 


Ans. 0.139 kJ/K 


7.22 A copper rod is of length I m and diameter 0.01 m. One end of the 



is at 


lOO’^C, and the other at 0°C, The rod is perfectly insulated along its length and 
the thermal conductivity of copper is 380 W/mK, Calculate the rate of heat 
transfer along the rod and the rate of entropy production due to ineverstbi lity 

of this heat transfer. 

Ans. 2.985 W, 0.00293 W/K 

A body of constant heat capacity and ai a temperature is put in contact 

with a reservoir at a higher temperature Tf. The pressure remains constant 

while the body comes to equilibrium with tbc rcscrv'oiT. Show that the entropy 
change of the universe ts equal to 


C 


p 


T 


L 


t: 


/ 


f 




In 


1 + 


T. 


I 


t: 


f 


r, 


yj 




Prove that this entropy change is positive. 


Given: 


ln(l +x}^x 


2 3 


X 




4 


+ 


1+4 


where X < 1* 


7.24 An insulated 0.75 kg copper calorimeter can containing 0.2 kg water is in 

equilibrium at a temperature of 20°C. An experimenter now places 0,05 kg of 

ice at 0°C in the calorimeter and enclose the latter with a heat insulating 
shield, (a) When all the ice has melted and equilibrium has been reach^, what 
will be the temperature of water and the can? The specific heat of copper is 
0.4 IS kJ/kg K and the latent beat of fusion of ice is 333 kJ/kg. (b) 
entropy increase of the universe resulting from the process, (c) What will be 

the minimum work needed by a stiner to bring back the ternperature of water to 

20“C? 

Ans. {a) 4M^C, (b) 0,00276 kJ/K, (c) 20.84 kJ 

7.25 Show that if two bodies of thermal capacities Q and at temp^tures and 



T 2 arc 

then 



to the same temperature T by means of a reversible heat enginCf 


inr 


C[ In JJ + Cj In Tj 


C| +C 




7.26 Two blocks of metal, each having a mass of 10 kg 



a specific bemt of 0.4 Id/ 


kg K, are at a tempemture of 40*C. A reversib le refrigerator receives heat from 
one block and rejects heat to the other. Calculate the work required to cause a 
temperature difference of I00“C between the two blocks. 

4ns. 32 kJ 

7.27 A block of iron weighing 100 kg and having a temperature of 100°C is 

immersed in 50 kg of water at a temperature of 20°C. What will be the 
of entropy of the combined system of iron and water? Specific heats of iron 



and water are 0.45 and 4.1S kJ/kg K respectively. 


Arts. 1.24 kJ/K 



7,28 36 g of water at 30^C are cortverted into steam at 250*C at 

atmospheric pressure. The specific heat of water is assumed constant at 4.2 J/ 
gK and the latent heat of vaporization at I OO^C is 2260 J/g. For water vapour, 
assume pV- w/fT where R - 0.4619 kJ/kg K, and 


c 


p 


R 


a + hT+ cT^, where a = 3.634, 


b = 1.195 X 10^^ K"’ and c = 0.135 X 10’*K'‘ 


Calculate the entropy change of the system. 

4/15.273.1 J/K 

7.29 A 50 ohm resistor carrying a constant current of 1 A is kept at a constant 

temperature of 27‘’C by a stream of cooling water, in a time interval of 1 s, 
(a) what is the change in entropy of the resistor? (b) What is the change in 


entropy of the universe? 


4rtJ.(a) 0, (b) 0.167 J/K 


A lump of ice with a mass of 1.5 kg at an initial temperature of260 K melts at the 
pressure of 1 bar as a result of heat transfer from the environment. After some 



730 


Enir^y 



7.34 


735 


time has 



the resulting water attains the temperature of the 


environment, 293 K. Calculate the entropy production associated with this 
process. The latent beat of ^ion of ice is 333.4 kJ/kg, the specific heats of ice 
and water are 2.07 and 4.2 kJ/kg K re^KCtiveiy, and ice melts at 273,15 K, 

0.1514 kJ/K 

731 An id^I gas is compressed reversibly and adiabatical ly from state a to state 

h. It is then heated reversibly at constant volume to state e. Alter 
reversibly and adiabat ically to state d such that T), = the gas is 




Heat is then 


re\ersibly heated at constant pressure to state e such that = 

rejected reversibly from the gas ai constant volume till it retums to state a. 

Express in terms of Th and Jf = 555 K and = 835 K, estimate T^. Take 

y= L4. 


Ans. T. 





,313.29K 


7.32 Liquid water of mass 10 kg and temperature 20^C is mixed with 2 kg of ice at - 

5°C till equilibrium is reached at 1 atm pressure. Find the entropy change of 
the system. Given: of water=438 kJ/kg K, of ice=2.09 kJ/kg K and latent 

heat ef fusion of ice = 334 kJ/kg. 

Ans. 104.9 J/K 

733 A thermally insulated 50-obm resistor carries a current of 1 A for 1 s. The Initial 

temperature of the resistor is lO^^C. Its mass is 5 g and its specific heat is 

0,85 J/g K, (a) What is the change in entropy of the resistor? <b) What is the 

change in entropy of the universe? 

Ans. (a)0.173 J/K th) 0.173 J/K 
The value of for a certain substance can be represented by Cp = a + bT. (a) 
Determine the heat absorbed and the increase in entropy of a mass m of the 
substance when its temperature is increased at constant pressure from to 

T 2 * (b) Find the increase in the tnoLal specific entropy of copper^ when 

the temperature is increased at constant pressure from 500 to 1200 K. 


Given for copper: when T 
c - 30. 1 X I tf J/k mol K. 



K, c 


P 


25.2 X 10^ and when T 



k; 




Ans. (a) m 


a{T2 


b 


71) + y(7J 


2 


T, 



T 


m\ flln^ + h(r 2 - Tj) 


(b)23.9kJ/kmolK 

An iron block of unknown mass at 85“C is dropped into an insulated tank that 

contains O.lm^ of water ai 2<rC. At the same time a paddlc*wbeel driven by a 
200 W motor is activated to stir the water. Thennal equilibrium is established 
after 20 min when the final temperature is 24''C, Determine the mass of the iron 
block and the entropy genemted during the process. 

Ans. 52.2 kg, 1.285 kJ/K 

736 A piston-cylinder device contains 1.2 kg of nitrogen gas at 120 kPa and 27^C. 

The gas is now compre5.sed slowly in a potytropic process during which 
pV*'^ = constant. The process ends when the volume is reduced by one-half 

Determine the entropy change of nitrogen during this process. 

djr^.-0.0615kJ/lC 


737 Air aaters e compressor at amb Lent conditions of 96 kPa and 17®C with a low 

velocity and exits at 1 MPa* 327and 120 ra/s. The compressor is cooied by 
the ambient air at 17“C at a rate of 1500 kJ/minn The power input to the 
compressor is 300 kW. Determine (a) the mass flow rate of air and (b) the rate 


of entropy generation. 


d!n;s. (aj 0.851 kg/s, (hj 0.144 kW/K 


7.38 A gearbox operating at steady state receives OJ kW along the input shall and 

delivers 0.095 kW along the output shaft. The outer surface of the gearbox is 
at 50“C, For the e^rfaox, ctetermme fa) the rate of heat transfer, (b) the rate at 


at 50“C, For the g^rfaox, ctetermme (a) the rate of heat transfer, 
which entropy is produced. 


Ans. (a) - 0,005 kW, (b) 1.54 x 10“^ kW/K 

7.39 At steady state, an electric motor develops power along its output shaft at the 

rate of 2 kW while drawing 20 amperes at 120 volts. The outer surface of tiic 


motor is at 50®C. For the motor, 
of entropy generation. 



the rate of heat transfer and the rate 




Ans. ^ 0.4 kW, 1,24 x 10^^ kW/K 


7.40 Show that the mmimum theoretical work input required by a reftigeration 

cycle to bring two finite bodies from the same mitial temperature to the final 
temperatures of 7\ and Tj (T^ < is given by 


W. 




mc[2iTyT^) 


1/2 


n - h] 


7,41 A rigid tank contains an ideal 



at 40"C that is being stirred by a paddle 


wheel The paddle w heel does 200 kJ of w'ork on the ideal gas. It is observed 
that the temperature of the ideal gas remains constant during this process as 

a result of heat transfer between the system and the surroundings at 25°C. 
Determine (a) the entropy change of the ideal gas and (h) the total entropy 
generation. 

Ans. (a) 0, (b) 0.671 kJ/K 

7.42 A cylindrical rod of length L insulated on its lateral surface is initially in 

contact at one end with a wall at temperature Tj and at the other end with a 
wall at a lower temperature 7^, The temperature within the rod initially varies 

linearly with position x according to: 


T(x)^T, 




Lx 


L 


The rod is insulated on its ends and eventually comes to a final equilibrium 
state where the temperature is Tf. Evaluate and in terms of 7] and 7^, and 
show that the amount of entropy generated is: 


S 


gcd 


me I + Jn TV + 


h 

7 - 7 


In 7 


_JL 

7-7 


ln7 


where c is the specific heat of the rod. 


Ans. 7f” [7| +731/2 

7.43 Air ftowing through a horizontal insulated duct was studied by students in a 


student 


velocity at a location in 
the respective values \ 


pressure, temperature. 


the duct as 0-95 bar, 67*C, 75 m/s. At another location 
rere found to be 0,8 bar, 22®C, 310 m/s. The group 


T- -iiti;-; 




-ih 


I 



t 
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neglected to note the diiection of flow, however. Using the known (lata, deter* 
mine the direction. 

Ans. Flow Is fh>m right to left 
7.44 Nitrogen gaa at 6 bar, 2 PC enters an Insulated control volume operating at 

steady slate for which ^ = 0. Half of the nitrogen exits the device at I bar, 
82*C and the other half exits at 1 bar, - 40®C, The effects of KE and PE are 

negligible. Employing the ideal gas model, decide whether the device can 
operate as described. 

Ans. Yes, the device can operate as described 


''“rn“chtlH 





8,1 Available Energy 


The sources of energy can be divided into two groups^ viz. high grade energy and 

low grade energy. Ilie conversion of high grade energy Co shaft work is exempted 

from the limitations of the second law, while conversion of low grade energy is 
subject to them. 

The examples of two kinds of energy are: 


High grade energy 

(a) Mechanical work 

(b) Electrical en ergy 


(c) Water power 


Low grade energy 

(a) Heat or thermal energy 

(b) Heat derived from nuclear fission or 
fusion 

(c) Heat derived from combustion of fossil 
fuels 


(d) Wind power 

(e) Kinetic energy of a jet 

(f) Tidal power 


The bulk of the high grade energy in the form of mechanical work or elec trical 
energy is obtained from sources of low grade energy, such as fuels, through the 
medium of the cyclic heat engine. The complete conversion of low grade energy, 
heat, into high grade energy, shaft-work, is impossible by virtue of the second law 

of thermodynamics. That part of the low grade energy which is available for 
conversion is referred to as available energy, while the part which, according to 
the second law, must be rejected, is known as unavailable energy, 

Josiah Willard Gibbs is accredited with being the originator of the availability 

concept. He indicated that environment plays an important part in evaluating the 
available energy. 


Ui^ebSirechHic^i QRSchuui-es 


AxsailabU Energ^^ Exerg^ and ]TT€JXFnbilitf 


m 






The maximum work output obtainable from a certain heat input in a cyclic heat 
engine (Fig* 8* 1) is called the available energy (A.E.), or the available part of tile 
energy supplied* The minimum energy that has to be rejected to the sink by the 
second law is called the unavailable energy (XJ*E), or the unavailable part of the 
energy supplied. 

Therefore, = A*E. + U.E. 

or ^max ” ~Q\~ 

For the given Tj and 



For a given will increase with the decrease of The lowest 

practicable temperature of heat rejection is the temperature of the surroundings. 



n 


max 


1 








( 


and 


W. 




1 




V 




Q 


I 


1 / 


Let us consider a finite process x-y, m which heat is supplied reversibly to a 


heat engine (Fig* 8.2)* Taking an elementary cycle, if d is the heat received by 
the engine reversibly at Tj, then 



i 


r 


1 



^ M^max = AE 


Q2 = UE. 


T 



Ftg* 8*1 A^iiahk mi ummikbh 

tnergf in a cycle 


Fig. 8 J Availabili^ of energy 


For the heat engine receiving heat for the whole process x-y* and rejecting heat 
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The unavailable energy is thus the product of the lowest temperature of heat 
rejection, 

heat (Fig. 8.3). The available energy is also known as e^xergy and the unavailable 
energy as energy, the words first coined by Rant (1956). 
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8*2.1 Decrease in Available jEtier^ when Heai is 

Transferred thtan^ a Finiie 

Whenever heat is transferred through a finite temperature difference, there is a 
decrease in the availability of energy so transferred. 

Let us consider a reversible heat engine operating between and Tg 

(Fig. 8.4). Then 

{2i = Ty Q 2 — Tg Af, and W = A.E. = {T, - Tg) Ar 
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Fig, 8.4 Qmwt tyde 

Let us now assume that heat is transferred through a finite temperature 

difference from the reservoir or source at Tj to the engine absorbing heat at 7^, 
lower than T j (Fig. 8.5). The availability of Q ^ as rece ived by the engine at 


r ■ 


r -htli- h 


■hu' 




Availabh Extrg^ and hreutT^ilitf 


4 


bwcr than Tj (Fig. 8.5). The availability of 0] as received by the engine at Tj 


can be found by allowing the engine to operate reversibly in a cycle between T'] 
and Tq receiving and rejecting 



Qt 




Fig. 8*5 


Incrtnse in unavaiiablt tnergf due to htui tranter 



Now 

Ql = T^^s = r:As' 

since 

Ti > r'l, As'>As 


02 ” To Ay 


Q'2 = n 

Since 

Ay' > Ay 0^2 ^ 0i 

4 

fe * 

Ay'^ToA/ 

and 

IF = 0 [ — 02 ” ^ 1 ^ ~ ^0 ^ 

1 

W W 

W* < fT,because Qi 


Available energy or exergy lost due to irreversible heat transfer through finite 

temperature difference between the source and the working fluid during the heat 
addition process is given by 

W-W^^Q^-Q^ 

or, decrease in A.E. = (A/ - Ay) . 


The decrease in available energy or exergy is thus the product of the lowest 
feasible temperature of heat rejection and the additional entropy change in the 
system while receiving heat irreversibly, compared to the case of reversible heat 

transfer fhim the same source. 

The greater is the temperature difierence - J^j), the greater is the heat 
rejection 0"^ 



anergy (Fig, 8.5). Energy is said to be degraded each time it flows through a finite 
temperature difference. 





Let us consider a hot gas of mass at temperature T when the environmental 
temperature is Tq (Fig. B.6). Let the gas be cooled at constant 



1 at temperature T to 



3 at temperature T^andtl 



from state 

up by the gas, 









state 1 



same 



the working fluid at any instant is zero and hence* the enfropy increase of the 
universe is also zero. The working fluid expands reversibly and adiahatica! ly in 
an engine or turbine from state 1 to state 2 doing work and then rejects heat 
Q 2 reversibly and isothermally to return to the initial state 3 to complete a heat 
engine cycle. 
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- «g Cp, (r- r#) - ToWgCp^ In 
= Area J-2-3-1 



Therefore, the available energy or exergy of a gas of mass at temperature T 
is given by 






This is similar to Eq* (7*22) derived from the entropy principle. 



8.3 Quality of Energy 


Let us assume that a hot gas is flowing through a pipeline (Fig. 8 J). Due to heat 
loss to the surroundings, the temperature of the gas decreases continuously from 
inlet at state a to the exit at state b. Although the process is irreversible, let us 
assume a reversible isobaric path between the inlet and exit states of the gas 
(Fig, 8*8)* For an infinitesimal reversible process at constant pressure, 

mcAT 
dS^ P 

T 



Fig. 8.7 Htat lass Jram a hat gas Jlawirtg thraugh a pipflint 



Fig. 8.8 Energy quality at state 1 is superiar ta that at state 2 


Ui hebei iechtlich aeschutztes tviais 













































220 



or 


IT 

6S 


T 


me 



. 5 ) 
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where m is the mass of gas flowing and Cp is its specific heat. The slope dTVdS 
depends on the gas temperature T. As T increases, the slope increases, and if T 
decreases the slope decreases. 

Let us assume that Q units of heat are lost to the surroundings as the 
temperature of the gas decreases from r'j to T", 

Then, 

Heat loss 



Q^mc^(T\-r\) 


T^AS 


1 


( 8 . 6 ) 


(8.7) 


Exergy lost with this heat loss at temperature Jj is 

fV, = Q-ToAS, 

When the gas temperature has reached ^2(72 < let us assume that the same 

heat loss Q occurs as the gas teinperature decreases from 7^2 r 2 , r 2 being the 

average temperature of the gas. Then 


Heat loss 


Q 


wc (rj 


T"i) = r, A5j 


( 8 . 8 ) 


Exergy lost with this heat loss at temperature 7^2 is 


IV. 


1 


Q~T^AS 


'2 


(m 


From Eqs (8.6) and 




, since Tj > r 2 


ASy < A$2 

Therefore, from Eqs (8.7) and (8*9), 


( 8 . 10 ) 


The loss of exergy is more, when heat loss occurs at a higher temperature T 


1 


than when the same heat loss ocjcuts at a lower temperature T 2 . The refore, a heat 
loss of 1 kJ at, say, lOOO^C is more harmful than the same heat loss of 1 kJ at, 
say, 1 OO^C* Adequate insuiation must be provided for high temperature fluids 
(7'» Tq) to prevent the precious heat loss* This many not be so important for low 




temperature fluids Fq), since the loss of available energy from such 
would be low. (Similarly, insulation must be provided adequately for very low 

temperature fluids (F 
available energy.) 

The available energy or exergy of a fluid at a higher temperature F^ is more 
than that at a lower temperature F^, and decreases as the temperature decreases. 
When the fluid reaches the ambient temperature, its exergy is zero* 

The second law, therefore, affixes a quality to energy of a system at any state. 
The quality of energy of a gas at, say, 1000®C is superior to that at, say, IQO'^C, 
since the gas at lOOO^C has the capacity of doing more work than the gas at 
100“C, under the same environmental conditions. An awareness of tfiis energy 
quality as of energy quantity is e*ssential for the efficient use of our energy 

resources and for energy conservation. The concept ofavaihbie energy or exi^rgy 
provider a useful measure of this energy quality. 




Amilahle £mTg)^j Extrgf and IneoersibiUi^ 



83,1 Ism of Degrmdation of Etm'^ 

The available energy of a system decreases as its temperature or pressure 
decreases and approaches that of the surroundings. When heat Is transferred from 
a system, its temperature decreases and hence the quality of its energy 
deteriorates. The degradation is more for energy loss at a higher temperature than 
that at a lower temperature. Quantity-wise the energy loss may be tOo same, but 
quality-wise the losses are different. Whiie the first hw states tfm energy is 
always conserved qi4antity-wise, the second law emphasizes thar energy always 
degrades quality-wise, Whe n a gas is throttled adiabadcally from a high to a low 
pressure, the enthalpy (or energy per unit mass) remains the same, but there is a 
degradation of energy or available work. The same holds good for pressure drop 
due to friction of a fluid flowing through an insulated pipe. If the first law is the 
law of conservation of energy, the second law is called the law of degradation of 
energy. Energy is always conserved, but its quality is always degraded. 

Article 8.2.1 which shows how energy gets degraded by thermal irreversibility 
and produces less useful work can be explained in a little different way. Let two 
bodies 1 and 2 of constant heat capacities and be at temperatures T, and 
(T] > Ti)- These are connected by a rod and a small quantity of heat ^ flows from 
1 to 2. The total change of entropy is: 


A5 = AS| + AS 2 = 



(since > T 2 ) 


The entropy will continue to increase till thermal equilibrium is reached. 

Let us now suppose that instead of allowing heat Q to flow from I to 2, we 
used it to opjerate a Carnot engine and obtain mechanical work, with Tq as the sink 
temperature. Tlie maximum work obtainable is: 




If, however, we first allow Q to flow from 1 to 2 and then use it to operate the 
Carnot engine, we obtain: 


w,. b[i - i] < », 

Thus, in the course of the irreversible heat conduction the energy has become 
degraded to the extent that the useful work has been decreased by 

AW=W^-W2 = T^)^S 

The increase in entropy in an irreversible change is thus a measure of the extent 
to which energy becomes degraded in that change. Conversely, in order to extract 
the maximum work from a system, changes must be performed in a reversible 
manner so that total entropy 4 - is conserved. 

It is worth pointing that if the two bodies were allowed to reach thermal 
equilibrium (a) by heat conduction and (b) by operating a Camot engine between 
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them and extracting work, the final equilibrium temperatures would be different 
in the two cases. In the first, + £/2 is conserved and the final temperature is: 


' " C,+C, 


In the second case. 5] + ^2 is conserved and At/ (- At/j + Cy (iiW 


d e-dt/, < rdS-dt/so that tf W, 
temperature is given by: 


iwast 


dt/). In the isenttopic process, the final 



If C, = C 2 = C. u tXl . and 7^®> = 

The difference in final temperature is due to the lower value of the total iniemal 
energy which results from work having been done at the expense of internal 
energy (see Art. 7.9.3). 

Similarly, it can be shown that due to mechanical irreversibility also, energy 
gets degraded so that the degradation of energy quality is a universal principle. 


8.4 Maximum Work in a Reversible Process 


Let us consider a closed stationary system undergoing a reversible process i? fiom 

state 1 to stale 2 by interacting with the surroundings aip^. Tq (Hg. 8.9). Then by 

the first law, 

Q^ = U2-U,^W^ (8.11) 



Fig* 8,9 Maximum work done by a dosed system 


If the process were irreversible, as represented by the dotted line /, connecting 
the same equilibrium end states, 

( 8 . 12 ) 

Therefore, from Eqs (8.11) and (8.12), 


(8.13) 
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By the second law, 
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(8.14) 


(8.15) 


(8,16) 


From Eqs (8,14) and (8.15), 

Sr ^ S) 

Therefore, from Eqs (8 -13) and (8 * 16), 

Therefore, the work; done by a closed system by interacting only with the 
surroundings Tq id a reversible process is always more than that done by it 
in an irreversible process between the same end states. 


(8.17) 


8.4.1 Work do ne in aii Reversihk Processes is the Same 

Let us assume two reversible processes R ^ and R 2 between the same end states 1 
and 2 undergone by a closed system by exchanging energy only with the 
surroundings (Fig. 8.10). Let one of the processes be reversed. 



->-5 

Fig. 8.10 Equai mark dant in aU repmibU professes ktwem iht same end states 
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Then the system would execute a cycle 1-2-1 and produce network 
represented by the area enclosed by exchanging energy with only one reservoir, 
i.e. the surroundings* This violates the Kelvin*Planck statement. Therefore, the 
two reversible processes must coincide and produce equal amounts of worJt* 

8.5 Reversible Work by an Open System 

Exchanging Heat only with the Surroundings 

Let us consider an open system exchanging energy only with the surroundings at 
constant tempeinture Tq and at constant pressure p^ (Fig* 8.11)* A mass dni| 
enters the system at state 1, a mass 6 fH 2 leaves the system at state 2, an amount of 
heat (tQ is absorbed by the system, an amount of work tfW^is delivered by the 
system, and the energy of the system (control volume) changes by an amount 
d(£7o* Applying the first law, we have 



Fig. 8.11 Reversible work d&m by m open system while exchanging heat only 

with the sutToundin^ 


dQ + dw*| A| + 
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dm^ ‘f 
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diV 


( mV 

, = d 


+ mgi 


(8*18) 




For the maximum work, the process must be entirely reversible. There is a 
temperature difference between the control volume and the surroundings. To 
make the heat transfer process reversible, let us assume a reversible heat engine £ 
operating between the two. Again, the temperature of the fluid in the control 
volume may be different at different points. It is assumed that heat transfer occurs 
at points of the control surface u where the temperature is T. Thus in an 
infinitesimal reversible process an amount of heat is absorbed by the engine 

E fnDm the surroundings at temperature Tq, an amount of heat d0 is rejected by 
the engine reversibly to the system where the temperature ls T, and an amount of 
work d IV^ is done by the engine. Fora reversible engine. 
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&W, = 6 q[^ 


{8.19) 


The work d is dways positive and is independent of the direction of heat 
flow* When Tq > 7\ heat will flow from the surroundings to the system^ d G is 
positive and hence d in Eq. (8.19) would be positive. Again* when Tq <7\ heat 
will flow from the system surroundings* d Q is negative, and hence d would 
be positive. 

Now, since the process is reversible* the entropy change of the system will be 
equal to the net entropy transfer, and 5^ = 0* Therefore, 
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( 8 * 20 ) 


Now, the maximum work is equal to the sum of the system work dW and the 
work dlV_ of the reversible engine E, 




From Eq. (8.19), 


aw. 




dW + dQ 


Ik 
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( 8 . 21 ) 


( 8 * 22 ) 


Substituting Eq. (8,18) for d W in Eq* (8*22), 
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(8.23) 
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On substituting the value of dQ/T &om Eq. (8.20), 
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(8.24) 
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Equation (3.24) is the general expression for the maximum work of an open 


ings at po. 


8.5.1 Reversible Wark in a Steady Flow Process 

For a steady flow process 

dffjj = diW2 = 
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Equation (8.24) reduces to 
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(8.25) 


For total mass flow, the integral form of £q. (8.25) becomes 
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The expression (/f- TqS) is 
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the Keenan Junction, B. 
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where ^is called the availability function of a steady flow process given by 
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On a unit mass basis, 
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6 , + -^ + gzi 


, Vj' 

bl +-^+§22 


(8.28) 


If K.E. and P.E. changes are neglected, Eqs (8.27) and (8.28) reduce to 




and per unit mm 


W. 




f . 


(H, - H2) - US, - S2) 


b,-b^ 

(h:-h^-To{s 


^ 2 ) 


(8,29) 


(8 JO) 


8.5^ Reversible 

For a closed system^ 
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For a change of state of the system from the initial state 1 to the final state 2, 
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(8.31) 


If the IC.E. and P.E. changes are neglected, Eq. (8.31) reduces to 


W. 


itm 


(t/, - ToS.) - (i/, - r,^,) 


( 8 . 32 ) 


For unit mass of fluid, 
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8,6 Useful Work 


All of the work W of the system with a flexible boundary would not be available 


for delivery, since a certain portion of it 


spent in 



atmosphere (Fig. 8.12). The useful work is defmed as the actual work delivered 
by a system less the work performed on the atmosphere. If V, and Vj are the 
initial and final volume of the system andpo is the atmospheric pressure, then the 


w'ork done on the atm osphere is {F 2 


Kj). Therefore, the useful work FF„ 


becomes 
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Po(^2-»'l) 


(8.34) 
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Fig. 8.12 fVorA^ done a cks^d sysim in pusAtn^ mt ^A^ aimcspAtre 


Similarly, the maximum usejuf work will be 

(»y™, - -Po (>^2 ~ l^i) (8-35) 

In differential form 

Po dV (8.36) 

In a steady flow system, the volume of the system does not change. Hence, the 
maximum useful work would remain the same, i.e., no work is done on the 
atmosphere^ or 

(drj^=dr^ (8.37) 

But in the case of an imsteady-flow open system or a closed system, the volume 

of the system changes. Hence, when a system exchanges heat only with the 
atmosphere, the maximum useful work becomes 
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Substituting dW^ from Eq. (8.24), 
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This is the maximum useful work for an unsteady open system 

For the closed system* Eq. (838) reduces to 
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If K.E. and P.E. changes are neglected, Eq. (8.40) becomes 
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This can also be written In the following form 
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where <p is cat led the avaitabiiity /unction for a dosed system given by 

iP = U + p^V-T^ 

The useful work per unit mass becomes 
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(8,43) 


8.6.1 Maximu m 
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If the open system discussed in Sec. 8.5 exchanges heat with a 
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reservoir at temperature in addition to the atmosphere, the maximum usejii! 
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system. For a steady flow process, 
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If K.E. and P.E. changes are neglected, then for a steady flow prcrcess: 
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and for a dosed system: 
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8,7 Dead State 


If the state of a system departs from that of the surroundings, an opportunity 
exists for produc ing work (Fig. 8.13). However, as the system 



its state 





towards that of the surroundings, this opportunity diminishes, and it ceases to 
exist when the two arc in equilibrium with each other. When the system is in 
equilibrium with the surroundings, it must be in pressure and temperature 
equilibrium with the surroundings, i.e., and It must also be in chemical 
equilibrium with the surroundings, i,e., there should not be any chemical reaction 
or mass transfer. The system must have zero velocity and minimum potential 
energy. This state of the system is known as the dead state^ which is designated 
by affixing subscript *0’ to the properties. Any change in the state of the system 
from the dead state is a measure of the available work that can be extracted from 






system 








above or below it, higher will be the available energy or cxergy of the system 


(Fig, 8,13), All spontaneous processes terminate at the dead state. 






Whenever useful work is obtained during a process in which a finite system 
undergoes a change of state, the process must terminate when the pressure and 
temperature of the system have become equal to the pressure and temperature of 
the surroundings, and Tq, i .e,, when the system has reached the dead state. An 
air engine operating with compr^ed air taken from a cylinder will continue to 
deliver work till the pressure of air in the cylinder becomes equal to that of the 
surToundings,/?o, A certain quantity of exhaust gases from an internal combustion 
engine used as the high temperature source of a heat engine will deliver work 
until the temperature of the gas becomes equal to that of the surroundings, 

The availability (A) of a given system is defrned as the maximum usefitl work 

(total work minus pdV work) that is obtainahle in a process in which the system 


comes to eqaUibnum with its surroundings^ Availability is thus a composite 
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With a given state for the mass entering the control volume, the maxifnum 
useful work obtainable {i,e., the availability) would be when this mass leaves the 
control volume in equilibrium with the surroundings (i.e., at the dead state). Since 
there is no change in volume, no work wi il be done on the atmosphere. Let us 

designate die initial state of the mass entering the C.V, with parameters having no 
subscript and the final dead state of the mass leaving the C.V. with parameters 
having subscript 0. The maximum work or availability,^, would be 
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(8.48) 


where \p is called the availability function for a steady flow system and = 0. 
This is the availability of a system at any state as it enteo a C. V. in a 
process. The availability per unit mass would be 
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If subscripts 1 and 2 denote the states of a system entering and leaving a C .V,, 

the decrease in availability or maximum work obtainable for the given system- 
surroundings combination would be 
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If K.E, and P.E. changes are neglected. 
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where b is the specific Keenan function 


If more than one flow into and out of the C.V. is involved 
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Let us consider a closed system and denote its initial state by pafametem without 
any subscript and the final dead state with subscript ‘O'. The availability of the 
sy’stem >4, i.e., the maximum useful work obtainable as the system reaches the 
dead stale, is given by Eq. (8.40). 
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If ICE. and P.B. changes arc neglected and for unit mass^ the availability 


becomes 


a = ti- Uq + Pq(v - i?o) - To (J -^o) 

= (w + PqV - Tfp) - (uo - PqVq -r^so) 


where ^ is the availability function of the closed system. 
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If the system undergoes a change of state from 1 to 2, the decrease in 


availability will be 
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This is the maximum useful 



8^9 AvaUabUily In Chemical Reactions 

In many chemi ca 1 reactions the reactants are often in pressure and temperature 
equilibrium with the surroundings (before the reaction takes place) and so are the 
products after the reaction. An internal combustion engine can be cited as an 

to 






example of such a process if we visualize 
atmospheric temperature Tq before being discharged from the engine. 

(a) Let us first consider a system which is in temperature equil ibrium with the 
surroundings before and after the process. The maximum work obtainable during 
a change of state is given by Eq. (8.31), 
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lfK.E. and P.E. changes are neglected, 


W, 




U,-U2 -T^(Si-S2 ) 


Since the initial and final temperatures of the system are the same as that of the 


surroundings, = r 2 = Tq = T, say, then 
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(u.-ujh-nsi-s^h 


(S.54) 


Lei a property called Helmholtz fimction F be 

F^V-TS 



by the relation 


(8.55) 



for two equilibrium states 1 and 2 at the same temperature T, 


(8.56) 
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From Eqs (8.54) and (8.56), 


(W^t) 
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or 


= (F^-F^}r 

Wj < if, - F,)j 


(8.57) 

(8.58) 


The work done by a system in any process between two equilibrium states at 

the same temperature during which the system exchanges heat only with the 
environment Is equal to or less than the decrease in the Helmholtz function of the 
system during the process. The maximum work is done when the process is 
reversible and the equality sign holds. If the process is iireversiblef the work is 
less than the maximum. 

(b) Let us now consider a system which is in both pressure and temperature 
equilibrium with the surroundings before and after the process. When the volume 
of the system increases some work is done by the system against the surroundings 
(pd y work), and this is not available for doing useful work. Hie availability of the 


syste 




as defined by Eq. (8.51)^ neglecting the K.E. and P.E. changes, can be 


expressed in the form 

A = (WJ 


mix 


(U + PoV-T^)-(U^^p^V^-T^S^) 



The maximum work obtainable during a change of state is the decrease in 
availability of the system, as given by Eq.{8.53) for unit mass. 


A^-A2 ^3 ™ ^2 

= (t/i - U^) - V 2 )-US: - 5;) 

If the initial and Unal equilibrium states of the system are at the same pressure 
and temperature of the smround ings, say - P 2 ” “ ^2 = ^0 ” 

Then, 


(t/i - t/2)p. T+T - ns, - j 


The GibbsJurtciiofts G is defined as 


G = H-TS 



= U+pV-TS (8.60) 

Then for two equilibrium states at the same pressure p and temperature T 

(G, - G^V T = (G, - [/Jp. T + P(.V, - V2\. T-nSt- S'Jp. T (8.61 > 

From Eqs (8.59) and (8.61) 

{»»;)«.. =(G,-GjV.t (8.62) 

P-T 

{r„)p.T S (G, - (7i)p. T (8.63) 

The decrease in the Gibbs function of a system sets an upper limit to the work 

that can be performed, exclusive of pdV work, in any process between two 
equilibrium states at the same temperature and pressure, provided the system 

exchanges heat only with the environment which U at the same temperature and 

pressure as the end states of the system. If the process is irreversible, the useful 
work is less than the maximum. 


The actual work done by a system is always less than the idealized reversible 
work, and the difference between the two is called the irreversibility of the 
process* 

(S.64) 

This is also sometimes referred to as ^degradation^ or ^dissipation". 

For a non-flow process between the equilibrium states, when the system 

exchanges heat only with the environment 

/= m - ty - us, - S2)i - m “ t/ 2 ) Q] 

= n(S2-s,)-Q 

^ U^^syitcm U^^sarr 

- (8.65) 
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Similarly, for the steady flow process 
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(g.66) 


irreversibility applies to both flow and 


processes* The quantity Tq < represents an increase in unavailable 



The Gouy-Stodola theorem states that the rate of loss of available enei^ or 

exergy in a process is proportional to the rate of entropy generation, 

Eqs (8*65) and (8.66) are written in the rate form, 


^ " ^l05t"" ^D^^univ " ^O'^gen (8.67) 

This is known as the Gouy-Stodola equation. A thermodynamically efficient 
process would involve minimum exergy loss with minimum rate of entropy 
generation* 


8.10.1 ^^y^Siodola Equation 










If heat 


transfer Q occurs from the hot reservoir at temperature Tj to the cold reservoir at 
temperature T; (Fig* 8.14a) 
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and »]..« = 4l-^]=0^^A 

^oit ” ^2'^gen 

+ 

If the heat transfer Q from Fj to takes place through a reversible engine 
the entire work output ITis dissipated in the brakes from which an equal amount 
of heat is rejected to the reservoir at (Fig. 8,14b), Heat transfer throu^ a finite 
temperature difTerence is equivalent to the destruction of its exergy. 


(b) Flow with Friction Let us consider the steady md adiabatic flow of an 
ideal gas through the segment of a pipe (Fig. 8.15a). 

By the first law, 

A, -Aj 

and by the second law, 

rds = dh vdp 




Fig. 8.15 hreversibility in a duct due to fluid fiittian 
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where 
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Ap 


Since 




and higher terms are neglected. 



- — (^2 “ ^0^2) 

= m Tijis2 - J]) 

= nS^=mRT^^ (8.69) 

P\ 

The decrease in availability or lost work is proportional to the pressure drop 

(^) and the mass flow rate (m). It is shown on the right (Fig. 8.15b) by the 

Grassmann diagram, the width being proportional to the availability (or exergy) 
of the stream. It is an adaptation of the Sankey diagram used for energy transfer 
in a plant. 

(c) Mbdng of Two Fluids Two streams 1 and 2 of an incompressible fluid or 
an ideal gas mix adiabatically at constant pressure (Fig. 8.16). 
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By the first law 
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The preceding equation may be written in the following form, since enthalpy is 


a function of temperature 
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By the second law, 
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where is a dimensionless quantity, called the entropy generation ftumbert 
given by i'gJn/Cp. 

Substituting Tj/Tj from Eq. (8.70) in Eq, (8,71), 
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(8.72) 


lf3: = 1 orr = l.M becomes zero in each case. The magnitude ofA^, depends on 


v and r. The rate of loss of energy due to mixing would be 
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8*11 Availability or Exergy Balance 


The availability or exergy is the maximum useful work obtainable from a system 
as it reaches the dead state (/?q, /(j). Conversely, availability or exergy can be 
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regarded as the minimum work required to bring the closed system &om the dead 
state to the given stale. The value of exergy cannot be negative. If a closed system 
were at any state other than the dead state, the system would be able to change its 
state spontaneously toward the dead state. This tendency would stop when the 
dead state is reached. No work is done to effect such a ^ontaneous change. Since 
any change in state of the closed system to the dead state can be accomplished 

with zero work, the mciximum work (or exergy) cannot be negative. 

While energy is always conserved, exergy is not generally conserved, but is 
destroyed by irreversibilities. When the clc^d system is allowed to undergo a 
spontaneous change trom the given state to the dead state, its exergy is completely 
destroyed without producing any useful woric. The potential to develop work that 
exists originally at the given state is thus completely wasted in such a spontaneous 
process. Therefore, at steady state: 

1. Energy in - Energy out = 0 

2. Exergy in - Exergy out=Exergy destroyed 

8*1 IJ Exergy Balance for a Closed System 

For a closed system, availability or exergy transfer occurs tluough heat and work 
interactions (Fig. 8.17). 
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Subtracting Eq. (8,75) from Eq. (S.74), 
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In the form of the rate equation, 
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For an isolated system, the excrgy balance* Eq* (8.77), gives 


^A=-l (8.78) 

Since / > 0, the only processes allowed by the second 1 aw are those for which 
the exergy of the isolated system decreases. In other words. 

The exergy of an isolated system can never increase. 

It is the counterpart of the entropy principle which states that the entropy of 
an isolated system can never decrease. 

The exergy balance of a system can be used to determine the locations, types 
and magnitudes of losses (waste) of the potential of energy resources (fuels) and 
find ways and means to reduce these losses for maddng the system more energy 


efficient and for more effective use of fuel. 
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2 nd law; 







Fig. 8.18 Exer§y baknce fir u steady- flam systun 


From Eqs (S.7i) and (8.79), 
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In the form of rate equation at steady slate: 


S 


la 

T. 


Qi 


tV^ y + m{af^ - V 


0 


(8.82) 


where -^ 2 )^ -^z) - +g(Z^ --^)and[l 
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= time rate of exergy transfer along with heat oeeuning at the location on the 
boundary where the instantaneous temperature is Ty 


For a single stream entering and leaving, the exergy balance gives 
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A common measure on energy use efficiency is the first law efficiency, Tfy The 

first law efficiency is defined as the ratio of the output energy of a device to the 
input energy of the device. The first law is concerned only with the quantities of 


energy, and disregards the forms in which 


energy exists. It 



not i 


discriminate between the energies available at different temperatures. It is the 
second law of thermodynamics which provides a means of assigning a quality 
index to energy. The concept of available energy or exergy provides a useful 
measure of energy quality (Sec. 8.3). 
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With this concept it is possible to analyze means of minimizing the 
consumption of available energy to perfomi a given process, thereby ensuring the 
most efficient possible conversion of energy for the required task. 

The second law efficiency, tJn, of a process is defined as the ratio of the 
minimum available energy (or energy) which must be consumed to do a task 
divided by the actual amount of available energy (or exei^y) consumed tn 


performing the task. 
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where A is the availability or exergy 
A power plant converts a 
If'. For the desired output of A 
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as fol lows 



If work is involved, = fP(desired) and if heat is involved, = 



If solar energy 

quantity of heat is transferred by the solar coQeqtor at temperature T^, 

then 


is available at a reservoir storage temperature and if 
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Table 8,1 shows availabilities, and both r|] and I7]j expressions for several 
common thermal tasks. 


Table 8.1 
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Extract heat from cold 
rescrvior at (below A = iV^ 


ambient) 





•Strictly speaking, it is COP. 


(RefHgerator-elcctric (Refngcrator-heat 

motor driven) operated) 




In the case of a heat pump, the task is to add heat 0^ to a reservoir to be 
maintained at tempemtuie and the input shaft work is 






Similarly, expressions of r|| and ijjj can be obteined for other thermal tasks. 


8 * 12,1 





Combustion of a fuel releases the nece^ary energy for the tasks, such as space 
heating, process steam generation and heating in industrial furnaces. When the 
products of combustion arc at a temperature much greater than that required by a 
given task, the end use is not well matched to the source and results in inefficient 
utilization of the fuel burned. To illustrate this, lei us consider a closed system 

h 

receiving a heat transfer 0, at a source teraperatxire Tj and delivering 0jj at a use 
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temperature (Fig. S. 19). Energy is lost to the surroundings by heat transfer at a 


■ 

rate across a portion of the surface at Ti- At steady state the 
availability rate balances become. 
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Equation (8. 
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is either 
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The value of 7}j can be increased by increasing insulation to reduce the loss. 
The limiting value, when Q i = 0, is tj ^ = 1 

Equation (S.91) shows that the availability or exergy carried into the system 

accompanying the heat transfer gr i® either transferred from the system 

accompanying the heat transfers and or destroyed by irreversibilities 
within the system, /. Therefore, 
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Both 7^1 and indicate how effectively the input is converted into the product. 
The parameter r/j does this on energy basis, whereas 7]]j does it on an availability 
or exergy basis. 

For proper utilization of exergy, it is desirable to make f]| as close to unity as 
practical and also a good match between the source and use temperatures, and 

use 

tore for an assumed source temperature = 2200 K. It shows that tends to 

Tg, the lower becomes the value 

proc- 





unity (100%) as approaches Tlie lower 
of TJii. Efficiencies for three applications, viz., space heating at T, 
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ess Steam generation at = 4aOK, and heating in industrial furnaces at = 700 
IC, are indicated on the figure. It suggests that fuel is used far more effectively in 
the high temperature use. An excessive temperatures gap between 
causes a low ?jj] and an inefficient energy utilization. A fuel or any energy source 
is consumed efficiently when the first user temperature approaches the fuel tem^ 
perature. This means that the fiiel should first be used for high temperature ap¬ 
plications. The heat rejected from these applications can then b« cascaded to ap¬ 
plications at lower temperatures^ eventually to the task of say, keeping a building 
warm. This is called energy cascading Mid ensures more efficient energy utiliza¬ 
tion. 
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Fig* 8*20 Effeti of use temperature on Uie second law e^dency 
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8 - 12 ^ Fu rther lUustraHons of Second La w Efficiencies 

Second law efficiency of different components can be expressed in different 
forms. It is derived by using the exergy balance rale* as given below: 

(a) Turbines The steady state exergy balance (Fig. 3.21) gives: 
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Fig. 8*21 Exergy balattee of a turhiru 
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If there is not heat loss, 



The second law efficiency, 


















(c) Ho&t 



(Fig* 8*22) 
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Fig. %^2 Exergy balance of a heat exchanger 


(d) Mixing of Two Fluids Exergy balance for the mixer (Fig* 8.23) gives: 




z 


o j 


Q + + m2% 


^.V. + ^C,V 


If the mixing is adiabatic and since 
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Fig. 8.23 Extt^ \m due to mixing 








The energy of the universe, like its mass, is constant. Yet at times, we 

bombarded with speeches and articles on how to "conserve" energy. As 

engineers, we know that energy is always conserved What is not conserved is the 

exergy, i.e., the useful work potential of the energy. Once the exergy is wasted, it 


can never be recovered. When we use energy (electricity) to heat our homes, we 
are not destroying any energy, we are merely converting it to a less useful form, a 
form of less exergy value. 

The maximum useful work potential of a system at the specified state is called 
exergy wdiich is a composite property depending on the state of the system and the 
surroundings. A system which is in equilibrium with its surroundings is said to 
at the dead state having zero exergy. 

The mechanical forms of energy such as K£ and PE arc entirely available 
energy or exergy. The exergy (IF) of thermal energy (0 of reservo irs (TER) is 
equivalent to the work output of a Carnot heat engine operating between the 




reservoir at temperature T and environment at To, i.e., W= 

The actual work W during a process can be determined from the first law. If the 

volume of the system changes during a process, part of thia work (is used to 

push the surrounding medium at constant pressure Pq and it cannot be used for any 
useful purpose. The difference between the actual woric and the surrounding work 
is called usefitl work^ 
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^ is zero for cyclic devices, for steady fl ow devices, 
boundaries (rigid walls). 
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The maximum amount of useful v^ork that can be obtained fitim a system as it 


undergoes a process between two specified states is cailedreversj£»/e work^ 


rev 


If the final state of the system is the dead state, the reversible wojk and the exergy 
become identical. 

The difference between the reversible work and useful work for a process is 

called irreversibility. 
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For a total reversible process^ W. 
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and/= 0. 


The first law efficiency alone is not a realistic measure of performance for 
engineering devices. Consider two heat engines, having e.g., a tberraal efficiency 

of, say, 30%, One of the engines {A) is supplied with heat Q from a source at 


600 K and the other engine (5) is supplied with the 



e amount of beat Q from 


a source at 1000 K, Both the engines reject heat to the surroundings at 300 K, 
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(m 


fCV 


0 1 


1000 
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0.32 


At first gl anee, both engines seem to convert the same fraction of heat, that 

they receive, to work, thus perfonning equally well from the viewpoint of the first 
law. However, in the light of second law, the engine B has a greater woiit potential 

(0,70) available to it and thus should do a lot better than engine A. Therefore, it 

can be said that engine B is performing poorly relative to engine A^ even though 
both have the same thermal efficiency. 

To overcome the deficiency of the first law efficiency, a second law efficiency 
i)ii can be defined as the ratio of actual fhermal efficiency lo the maximum 
possible thermal efficiency under the same conditions: 
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So, for engine r^jj = 0,3/0.5 = 0,60 
and for engine 5, tJj[ = 0.3/0,7 = 0,43 

Therefore, the engine A is converting 60% of the available work potential 
(exergy) to use ful work. This is only 43% for the engine B. Therefore, 
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(for refrigerators, heat pumps and other work 

absorbing devices) 
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The exergies of a closed system (0) and a flowing fluid stream are given on 


unit mass basts: 
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When the “system exchanges heat with another reservoir at temperature other 


than the atmosphere, 
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The first law efficiency is defined as the ratio of energy output and energy 
input, while their difference is the energy loss. Likewise, the second law 
efficiency is defined as the ratio of exergy output and exergy input and thetr 

difference is irreversibility. By reducing energy loss, first law efficiency can be 

improved. Similarly, by reducing irreversibilities, the second law efficiency can 
be enhanced. 


Solved Examples 


Example 8-1 In a certain process, a vapour, while condensing at 420*C, trans* 

fers heat to water evaporating at 250*^0. The resulting steam is used in a power 


cycle which rejects heat at 35®C. What is 


fiaction of the available energy in 


Ci:U' 
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the heat transferred from the process vapour at 420°C that is lost due to the 
irreversible heat transfer at 250®C? 

Solution ABCD (Fig. Ex. 8.1) wofuld have been the power cycle* if there was no 



and the area under CD would have been the unavailable energy. BFGD is 



power cycle when the vapour condenses at 420°C 



the water evaporates at 


250'^C. The unavailable energy becomes the area under DG. Therefore, the 


increase in unavai lable energy due to irreversible 

the area under CG. 



is represented by 
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= 420 + 273 = 693 K 


250 + 273 = 523K 
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Fig. Ex. 8^1 


Now 01 

AS' _Ti 
AS 

W* = work done in cycle ABCD 
-{Ti-TyAS 

W' = Work done in cycle EFGD 
= {T^-T^)AS^ 

The fraction of energy that becomes unavailable due to irreversible heat 
transfer 



Example In a steam boiler, hot gases from a fure transfer heat to water 
which vaporizes at constant temperature. In a certain case, the gases are cooled 
from 1100®C to 550°C whi le the water evaporates at 220“C. The spec ific heat of 
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* 


gases is 1.005kJ/kgK, and the latent heat of water at 220°C, is 1 S5S.5 kJ/kg. Alt 
the heal transferred from the gases goes to the water* How much docs the total 

and water increase as a result of the 



entropy of the combined system of 
irreversible heat transfer? Obtain the result on the basis of 1 kg of water 
evaporated* 

If the temperature of the surroimdings is 30®C* find the mcrcasc in unavailable 
energy due to irreversible heat transfer. 


Solution Gas is cooled from state 1 to state 2 (fig* Ex, 8,2). For reversible 

heat transfer^ the working fluid (w.f*) in the heat engine having the same would 


have been heated along 2-1, so that at any instant, the tem perature difference 
between gas and the working fluid is zero. Then 1-h would have been the 
expansion of the working fluid down to the lowest possible temperature and 
the amount of heat rejection would have been given by the area abed. 



^ -As H20 -p- 


Fig. Ex. 8*2 


When water evaporates at 220^C as the gas gets cooled from 1100“C to 550®C, 
the resulting power cycle has an unavailable energy represented by the area aefd. 
The increase in unavailable energy due to irreversible heat transfer is thus given 
by area befc . 

Entropy increase of 1 kg water 



Latent heat absorbed ^ 1858*5 

T (273 + 220) 


= 3*77 kJ/kg-K 


Qj = Heat transferred from the gas 

= Heat absorbed by water during evaporation 

= m^Cp^(n(H)-550) 

= 1 X 1858.5 kJ 

m A = = 3.38 kJ/“C 

550 


P 





252 


T 


M 






f = I m — 

J Y J £ Pt Y 

T.l T,i 


dQ 


T 


dr 


Cp In-^ 

'^' T., 


338 In 


823 

1373 


338x0.51 

1,725 kJ/K 


M 


lol&l 


{A5) 


wager 


+ (AS) 


3.77-1.725-2.CM5kJ/K 


Am 


Increase in unavailale energy 


7o(A«toiai * 303 X 2.045 
620 kJ 


Am 


Example 83 Calculate tke available energy in 40 kg of water at 75°C with 
respect to the surroundings at the pressure of water being 1 atm. 

Solution If the water is cooled at a constant pressure of 1 atm from 75 °C to 5®C 


{Fig. Ex. 83) the 


given up may be used as a source for a series of Carnot 


engines each using the surroundings as a sink. It is assumed that the amount of 

energy received by any engine is small relative to that in the source and the 

temperature of the source does not change while heat is being exchanged with the 

engine. 

Let us consider that the source has fallen to temperature Ty at which level there 
operates a Carnot engine which takes in heat at this temperature and rejects heat 
at Tft = 278 IC If is the entroov change of water, the work obtainable is 


51F=-m(r-rg)^j 


273 + 75 = 348 K 


AE 


U.E. 


To = 278 K 


Fig. Ex, 63 


where Ss is negative. 


SW 


cjT 

mr- 7',)-e— 


T, 


40cp 1 


¥F 


. 7 - ■' tl< '■ ' I ml 


Aimildile Ejutq^ hrwersUiU^ 


With a very great number of engines in the series, the total work {maximum) 
obtainable when the water is cooled from 348 K to 278 K would be 



Example $.4 Calculate the decrease in available energy when 25 kg of water 
at 95°C mix with 35 kg of water at 35®C, the pressure being taken as constant and 
the temperature of the surroundings being 15®C (Cp of water = 4*2 kJ/kg K)* 

Solution The aval lable energy of a system of mass specific heat Cp, and at 
temperature is given by 



27S+93 , 

= 25x4.2 J [l 

273 +is'' 





97.59 kJ 


Total available energy 

“ {A.E,)2 j + (A.EOji 

= 987,49 + 97*59 
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mmm 


Af^er mixing, if t is the ficial tamperatme 

25 X 4.2 (95 - 0 = 35 X 4,2(/ - 35) 

_ 25x 95x35x35 


25 + 35 

= 60*^0 

Total mass after mixing = 25 + 35 = 60 kg 


(A.EOto ” Available energy of 60 kg of water at 60^C 


4 


2 X 60 1^(333 


288)-^288 In 


333 

288 


= 803.27 kJ 

Decrease in aval table energy dm to mixing 


Total available energy before mixing 
- Total available energy after mixing 

1085.08-803.27 
281.81 kJ 


Ans 


Example 8 J The moment of inertia of a flywheel is 0.54 kg-in^ and it rotates 
at a speed 3000 RPM in a large heat insulated system, the temperature of which is 
15“C. If the kinetic energy of the flywheel is dissipated as frictional heat at the 
shaft bearings which have a water equivalent of 2 kg, find the rise in the 
temperature of the bearings when the flywheel has come to rest. Calculate the 

greatest possible amount of this heat which may be returned to the flywheel as 

high-grade energy, showing how much of the original kinetic energy is now 
unavailable. What would be die fmal RPM of the flywheel, if it is set in motion 
with this available energy? 

Solution Initial angu lar velocity of the flywheel 


0) 


2nNy 

60 


2;rx 


60 


314.2 rad/s 


Initial available energy of the flywheel 


(fLE.) 


hiitikl 




= 0.54kgm^x(3l4.2)^-^ 

s 

= 2.66x10'' Nm = 26.6kJ 

When this K.E. is dissipated as frictional heat, if At is the temperature rise of 
the bearings, we have 


water equivalent of the bearings x rise in temperature = 26.6 kJ 




26.6 


2x4. 


3.19°C 


Ans. 


I 


A vai/alfle and Irremtibility 






/. Final temperature of the bearings 


t 


r 


15 + 3.19= 18.19''C 


The maximum amount of energy which may be 



to the flywheel as 


high-grade energy is 


291.19 


A.E.-2X4J87 


1 


2e& 


288 

T 


dT 


2 


x4,187j' 


(291.!9-288)-2881n 


291.19 




288 J 


O.I4S9kJ 


The amount of energy rendered unavailable is 


U.E. -CA.E.)^piii^-(A,E0„tiinwbleii3higheiverK^ 

= 26.6-0.1459 

= 26,4541 kj 

Since the amount of energy returnable to the flywheel is 0.146 kJ^ if 

final angular velocity^ and Ihe flywheel is set in motion with this energy 


0.146 X 10 


% 


1 
2 


2 


X 0.54 




2 


146 

0.27 


540,8 


If N 2 is the final 



0^2 = 23.246 rad/s 

of the flywheel 


Oh ^ 23.246 


2;rA^2 

60 


or 


N 


23.246 X 60 






2 x;r 


222 RPM 


Arts. 


Example 8,6 Two kg of air at 500 kPa, 80°C expands adiabatical ly in a closed 
system until its volume is doubled and its temperature becomes equal to that of 
the surroundings which is at 100 kPa, 5"C, For this process, detemiine (a) the 
maximum work, (b) the change in availability, and (c) the irreversibility. For air, 
take e.. = 


. - 0.7l8kJ/kg K, u = c^T where is constant, and pV = mRT where p is 
pressure in kPa, V volume in m mass in kg, R a constant equal to 0.287 fcJ/kg 
K, and Ttemperature in K, 

Soiutiort From the property relation 

TdS = dU-\^pdV 

the entropy change of air between the initial and final states is 

J ^ \mR<iV 


\ 


1 


T 



I 


V 


r 


1- 


:iT‘ €iitli- h 


1 

1 •• I 

1 r 

i 

1 

1 

i “ 


J! 

riU' 

1 

• r 1 
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or 


s 


s 


me. 




T. 


K 


From Eq. (8.32)^ 

W. 






m\cAT. 


T2)^T^ c^ln 


T, 


+ 


V 


2 


[»• 


5) + 


1 278 ^ . 
In-—+ 0 

353 


2 


2 [53.85 + 278 (- 0J72 + 0.199>] 
2(53,85 + 7,51) 

122,72 kJ 


From Eq, (8.42X ihe €hange in avalbbility 


(t/i - U2) - US,-S^ +p^{V, - FJ 


W. 




^Po(^x-y2> 


122.72+/ro(Fi-2F,) 


122.72 




2 X 0,287 X 353 


500 


82.2 kJ 


The irreversibility 




mu. useful 


fV. 




From the first law^ 


W 


VA 

I 


Q-AU 


AU=U 


a 


Ui-Ui- uSi 

U $2 - 5 ,) 

^o(^^sy»tcm 


S2)-U^+U2 


For adiabatic process, (AS) 


SUIT 

■rj 


T. 


ri) mc„In — + 

i n 


K 


278x2 


[o. 


718 In —+0,287 In 2 

353 


(a) 


Atis. (b) 


= 278x2 (-0,172+ 0.199) 

= 15.2 kJ 

Example 8.7 Air expands through a turbine from 500 kPa, 520°C to 


Ans^ (c) 


300‘*C. During expansion 


kJ/kg of heat is lost to the sunoundings which is at 


98 kPa, 20^C. Neglecting the ICE. and P.E, changes, determine per kg of air (a) 


the decrease in availability, (b) the 



imum work, and (c) the irreversibility. 


’ ’r ■ ' . h ■ liu^- 
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Cp T where Cp is 


For air, take Cp = 1 .OOS kJ/kg K, A = 

reiation as in Example 
Solution From the property relation 

T6S = dH-Vdp 

the entropy change of air in the expansion process is 



,VmdT 


2 


J dS 


I m Cp dT 


2 


i 


1 


T 



mRdp 


[ 


P 


or 


S 2 -S 


i 


1 ^2 

mc- In — 

'■ 7 ; 


mR In 


El 

P\ 


For 1 




J2-Ji = c^ln 


S 

Ti 


/;in 


Pi 

Pi 


From Eq. (8,30), the change in availability 

ri - V': = *1 - *2 

~ (A] - Tn^l) “ (Aj ~ Tn^l) 


ih, - hi) - n is 


1 


J 2 ) 


/ 


(r, - Ti) - r. 




V 


£2 

Pi 


c 


p 



T2^ 


z 


I / 



1 
5 

X 220-293 (0.3267-0,4619) 


1.005 (520-300)-2931 0,287 In 


L 



1.005 In 


573 

793 


221.1 + 39.6 
260,7 kJ/kg 


Ans. 



The maximum work is 






change in availability = - ^2 


260,7 W/kg 


Ans. (b) 


From S.F.E.E., 


g + Ai = 1F+ A 2 

W = ih,-h^) + Q 

-Cp(ri-r2) + 



LOOS (520-300) 

211.1 kJ/kg 



The irreversibility 


1 


260.7-211,1 
49.6 y/kg 


Arts, (c) 
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Aiteraatively^ 




system 


+ A5_) 




005 In 


293 ri.005 In™ 

L 793 

293x0*1352 + 10 

49*6 kJ/kg 


0*287 In i + ~ 

5 293 


Ans. (d) 


Example 8*8 An air preheater i s used to cool the products o f combusti on f^om 
a furnace while heating the air to be used for combustion. The rate of flow of 
products is 12.5 k^s and die products are cooled from 300 to 200®C, and for the 
products at this temperature c_ = 1.09 JeJ/kg K. The rate of air flow is 11.5 kg/s* 


products at this temperature Cp = ! .09 kJ/kg K. T1 
the initial air temperature is 40®C, and for the airc 


1.005 kJ/kg K. (a) Estimate 


the initial and final availabi lity of the products, (b) What is the irre versihility for 
the process? (c) If the heat transfer from the products occurs reversibly through 
heat engines* what is the final temperature of the air? What is the power developed 
hy the heat engine? Take Tp = 300 K and neglect pressure drop for both the fluids 
and heat transfer to the surroundings. 

Solution 

(a) 1^1 = initial availability of the products 


(h 


Ao) - foCSi - 






T 

tn 


= 1.09(573 - 300) - 300 X 1.09 In 
= 297.57-211.6 = 39.68 y/kg 

Yj - fiital availability of the products 
= (^2 ' ho) - To(s2 - Jo) 

= 1.09 {473 - 300) - 300 X 1.09 In 


.57- 148.89 = 39. 


573 

300 


473 



(b) Decrease in availabil ity of the products 

~Wi -¥2 


(h 


^ 2 ) “ i “ -^ 2 ) 


1.09 (573 - 473) - 300 x 1.09 in 


62.72 = 46.28 y/kg 


573 

473 


By making an energy balance for the air preheater [Fig. Ex. 8,8(a)] 


^ $ ^Pji ^ 


gi 


T ) 


12.5 X 1.09(573-473) 


11.15X l.( 






313) 




*2 


12.5x109 


11.5 X 1.005 


+ 313-430.89K 


’r ' 


tl; 
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Increase in availability for air 

” (^2 “ ^l) ” ” ^l) 


Products 

of Combustion 


Fuel 





F 

u 

f 

n 

a 

c 

e 



ma 


Preheated 

Air 


r 


•2 


mg 


T. 


tfi 


Air 

preheater 


/r^ 


^ ^ v“ 






/V'MVAV 




/ y 



> 





Insulation 


Fig. Ex. 8.8(a) 


^32 Exha ust (nig) 


Air {ms) 




1.005 X (430.89-313) - 300 x L0C5 In 


430.89 

313 


= 118.48-96.37 = 22.11 kJ/kg 

Irreversibility of the process 

= 12.5X46.28- li.5 X 22.11 
= 578.50 - 254.27 
= 324.23 kW 


(c) Let us assume that heat transfer from the products to air occurred through 
heat engines reversibly as shown in Fig. Ex. 8.8(b), 



Hg. Ex. 8J[b) 


Urheberrrahtlich geschutitr 
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For reversible heat transfer, 




A iSjiy j ^ A 
A 5^, + A 5*ir 


0 

0 


A5 

T. 


gu 


AS. 




m e In — 

”• r,, 


ffl, e In 


Ik 

z. 


al 


12,5 X L091n 


473 

573 


11.5 X 1,005 In 


Ik. 

313 


r^-392.41 K 


Rate of heat supply from the gas to the wotking fluid in the heat engine, 


Q> 


S Sj ( ^81 




12.5x 1.09 (573-473) 
1362,50 kW 


Rate of heat rejection from the working fluid in the heat engine to the air. 


+ 

Q 




Til) 


n.5x 1.005 (392.41 -313) 

917.78 kW 


Total power developed by the heat engine 


fV = Q 


I 

Q 


1362.50-917.78 


444.72 kW 


Example 8,9 A gas is flowing through a pipe at the rate of 2 kg/s. Because of 
inadequate insulation the gas temperature decreases from 800 to 790*^0 between 
two sections in the pipe. Neglecting pressure losses, calculate the irreversibility 
rate (or rate of energy degradation) due to this heat loss. Take Tq = 300 K and a 


constant c. 


1,1 kJ/kgJC 


For the same temperature drop of 10*^0 when the gas cools from 80*C to 70“C 
due to heat loss, what is the rate of energy degradation? Take the same values of 
Tq and Cp. What is the inference you can draw from this example? 


Solution 


Q 




m{S2-s{^ 


mCp(72 -j;) 


L 


Irreversibility rate = rate of energy degradati on 

= rate of exergy loss 


iT- -nth- h 


I 

i 


AvaHakk Ex^ and IntmsibiEtj 



i = ToS^ 

= m FaCsi - 51) - m c (Fi - r,) 





«c 1(7; 


T.) 


T, In 


r, 


[ 


T 


2 J 


2xlA 1^(1073- 1063)^300 In 

15.81SkW 


\ 073 ~ 
1063, 


When the same heat loss occurs at lower temperature 



= 2x U 1^(353- 
= 3,036 kW 


353 

343) - 300 In — 

343 J 


It is thus seen that irreversibility rate of cxergy destruction is more when the same 
heat loss occurs at higher temperature. Irreversibility rate decreases as the 
temperature of the gas decreases. Quantitatively, the heat loss may be the same, 

but qualitatively, it is different. 


Example 8.10 An ideal gas is flowing through an insulated pipe at the rate of 
3 kg/s. There is a 10% pressure drop from inlet to exit of the pipe. What is the rate 
of exei^gy loss because of the pressure drop due to friction? Take R = 0.287 kJ/kg 
K and Tfl = 300 K, 

Solution Rate of enfropy generation from Eq. (8,68), 



= 3 X 0.287 



Pi 

= 0.0861 k W/K 


Rate of exergy loss 

= 300x0.0861 
= 25.83 kW 


Example 841 Water at 90''C flowing at the rate of 2 kg/s mixes adiabatlcally 
with another stream of water at 30^C flowing at the rate of I kg/s. Estimate the 
entropy generation rate and the rate of exergy loss due to mixing. Take = 
300 K, 

Solution 


Here 


m = /Wi+m 2 = 2+ 1 = 3 kg/s 
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r 


T. 


1 


T, 


303 

363 


0.835 


From Eq. (8.76), 


S 


etn 


mcp In 


X 4- Z{]-x) 


T 


3x4.187 In 


l-x 


0.67 + 0,835 X 0.33 


0.835 




12J61 In 


0.94555 

0.94223 


0.0442 kW/K 


Rate of exergy loss due to mixing 

= 300 x 0.0442 
= 13.26 kW 

Allernatively, 

Equilibrium temperature after mixmg, 


t 


+ m2t2 

m^ + 

2 X 90 41 X 30 

2 + 1 




^Viv = 5g« = 2x4J87 In 

= 0.(W47 kW/K 


343 

363 


+ 1 X 4.187 In 


343 

303 



K. 


/ = 300 X 0.0447 = 13.41 kW 

Example 8.12 By burning a fuel tbe rate of heat release is 500 kW at 

What would be the first law and the second taw efliciencies if (a) energy is 
absorbed in a metallurgical furnace at the rate of480 kW at 10001C, (b) energy is 
absorbed at the rate of450 kW for generation of steam at 500 K, and (c) energy 
is absorbed in a chemical process at the rate of 300 kW at 320 K? Take Tq = 
300 K, (d) Had the energy absorption rate been equal to 450 kW in all these three 
cases, what would have been the second law efficiences? What is the inference 
that you can draw from this example? 


■ 

Solution If is the rate of heat release at temperature 
heat absorption at temperature T,, then 


and the rate of 




ft 

ft 


1 


T 





Bn = Bt 


Z 




1 


ro 

r. 
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(a) Metallurgioal furnace 




480 

500 


X 100 = 96% 


300 


TJd - 0.96 


X 100 = 79% 


2000 


(b) Steam generation 




450 

500 


X 100 - 90% 


% = 0.90 


300 

500 


300 

2000 


X 100 = 42.3% 


(c) Chemical process 


Hi 


300 

500 


X J 00 = 60% 


320 


Tjj, = 0.60 


X 100 = 4.41% 


2000 


In all the three cases* 7|| would remain the same, where 


Oi 


450 

500 


X 100 = 0.90 




nim = ^ 


1000 

300 


2000 

300 

500 


300 


2000 


X 100 = 74.11% 


X 100 = 42.3% 




320 


300 

2000 


X 100=6.61 % 


¥ I 

It is seen that as the energy loss (Or ” 2a) increases, the first law efficiency 
decreases. For the same heat loss* however* as the tempeature difTereace between 
the source and the use temperature increases, the second law efficiency decreases* 

or in other words* the rate of exergy loss increases. 
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Example 8.13 A system undergoes a power cycle while receiving 
temperature and discharging energy Q 2 al temperature Tj* There are no other 

heat transfers. 

(a) Show that the thermal efficiency of the cycle can be expressed as: 


ry- 1 


h 

n 


r 




where Tq is the ambient temperature 
and / is the irreversibility of the cycle* 
(b) Obtain an expression for the 
maximum theoretical value for the 

thermal efficiency, 

(cj Derive an expression for the 
irreversibility for which no network is 
developed by the cycle. What 
conclusion do you derive from it? 

for 



Solution An availability 

the cycle gives (Fig. Ex* 8.13)^ 
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Fig* Ex. 8*13 
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since each property is r^tored to its initial state 


Since 


(b) When 7-0, 


(c) When 


22 = 01 -^^. 
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Til 



Qy 


Ty 
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Proved. 
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Ty 


T) = Q=\ 


h 

Ty 
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The heat transfer g, from T, to Tj takes place through a reversible engine, and 
entire work is dissipated in the brake, from which an equal amount of heat is 


1 

1 

• i 

j 

.:iT- - 


I lU^- 
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rejected to the reservoir at Heat transfer through a finite temperature 


difference is thus equivalent to the destruction of its exergy* (See Art. S. 10 J (a)). 

Example 8.14 A compressor operating at steady state takes in 1 kg/s of air at 
1 bar and 25*C and comoresscs it to 8 bar and 160*^0. Heal transfer from the 


1 bar and 25*C and compresses it to 8 bar and 160*^0. Heal transfer from the 
compressor to its surroundings occurs at a rate of 100 kW, (a) Determine the 
power input in kW. (b) Eva! uate the second law efficiency for the compressor. 
Neglect KE and PE changes. Take Tq = 25®C and Pq - 1 bar. 

Solution SFEE for the compressor (Fig. Ex. 8.14) gives: 


235.7 kW 




C 




V 






Q 


100 + 1 X 1 


■f 2 


(25 - 160) 


y4ns.(a) 


Air 

Fig. Ex. 8.14 


Exergy balance for the compressor gives: 


Hu 


- Ctf 






r 


W - rh a 


fV = m(af - Of ) 



r 


/ 




m(Of. 




iV 


h 


k 


^o(^2 ” ^ I) 


c,(rj - 7-,) - TpL In ^ 

V il 


i?ln 


LOOS (160-25)-298^ 
200.95 kJ/kg 


Pi 

P'1 


433 


0.287 In 8 


200.95 


235.7 


0.853 or, 


.3% 


Ans. (b) 


Example 8.15 Determ ine the exergy of 1 of complete vacuum. 


Solution 


<p=u-u^+p^v-y^)-US-So) 


'r ' . iT- h - Liiui 
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Since a vacuum ha^ zero mass, 


V{p-p^)-T^{S^S^) 


U = 0,H^0, 


5 = 0 


If the vacuum were reduced to the dead state, 


a 




0, = 0 and Kg = 0. 


The pressure p for the vacuum is zero. 


But 


Po 


100 kPa and 1 m 


iP=p^V=m 


kN 


m 


X 1 m 


100 kJ 




If an air motor operates between the atmosphere and the vacuum, this is the 
maximum usehil work obtainable. Therefore, the vacuum has an exergy or work 
potential. 

Example &16 A mass of 1000 kg of fish initially at 1 bar, 300K is to be 


cooled to - 20®C. The freezing point of fish is - 2,2®C, and the specific heats of 
fish below and above the freezing point are 1 J and 3.2 kJ/kg K respectively. The 
latent beat of fusion for the fish can be taken as 23 5 kJ/kg, Calculate the exergy 
produced in the chilling process. Take 7^ = 300 K and = 1 bar. 

Solution 


Exergy produced = //^ - i/ 

With reference to Fig. Ex. 8,16, 


^oC^2 “ ^l) 


r- = 7 


I 

/< 


C, 


253K 


270.sk 


Fig. Ex, 8.16 


Hy-H^ 




H 


Sy - S 2 


1000 [1.7 (270.8 - 253) + 235 + 3.2(300 - 270.8)] 
1000 [1.7 X 17.8 + 235 + 3.2 x 29.2] 

1000 (30,26 + 235 + 93,44] = 358.7 MJ 
- 358.7 MJ 




.7 In + + 3.2 In 

253 270.8 270.8 

[0,1155 + 0.8678 + 0.3277] 


IT -htli- h 


nhuf 


AMilablt Energy, Ejmg^ and hrtBembUit^ 



= 1.3n Ml/K 
52 -Si-- 1.311 MJ/K 

Excrgy produced = - 358.7 + 30Q x 1.311 

-‘-358.7 + 393.3 

= 34,6 MJ or 9.54 kWh Ans. 


Example 8^7 A quantity of air initially at 1 bar, 300 K undergoes two types 
of interactions: (a) it is brought to a final temperature of 500 K adiabatically by 
paddle-wheel work transfer, (b) the same temperature rise is brought about by 
heat transfer from a thermal reservoir at 600 K. Take Tg ^ 300 K, - 1 atm. 
Determine the irreversibility {in kJ/kg) in each case and comment on the results. 



Fig, Ex. 8,17 


Solution Case (a): As shown in the above figures (Fig. Ex, 8.17), 





Sg„-Cvln ^ 

0.367 kJ/kg K 


0.718 In 


500 

300 


/ 



X 0.367 = 110.1 



Case (b): 


As 


unit 


s 


2 


S 


1 


fi, 

T 


0.367 


143.6 



0.1277 kJ/kgK 


/ = 300 X 0.1277 = 38.31 kJ/kg 

Comment: 

The irreversibility in case (b) is less than in case (a). 




^oC^2 ”^l)j ^ ” ^o(^2 ” ^l) 


Q 

T 


4-4 


Q 

T 


Arts 


= 1 X 0.718 (500 - 300) = 143.6 kX/kg 


The irreversibility in case (b) is always less than in case (a) and the two values 
would approach each other only at high reservoir temperature, t.c.. 


/ 


i 



hasT 
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Example 8.18 Steam enters a turbine at 30 bar, 400''C (A = 3230 kJ/kg, j " 
6,9212 kJ/kg K) and with a velocity of 160 m/s. Steam leaves as saturated vapour 
at lOOX (A = 2676.1 kJ^g, j = 7.3549 kJ/kg K) with a velocity of 100 m/s. At 
steady state the turbine develops work at a rate of 540 kJ/kg. Heat transfer 
between the turbine and its surroundings occurs at an average outer surface 
temperature of500 K. Determine the irreversibility per unit mass. Give an exergy 

balance and estimate the second law e0'iciency of the tinbinc. Take Po ” J 


T 




298 K and neglect PE effect. 


Solution By exergy balance of the control volume (Fig, Ex, 8,18), 



where is the exergy transfer per unit mass. 



Fig, Fjt. 





By SFEE, 








= (3230,9-2676.1) + 

= 22,6 kJ/kg, 
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From Eq, (1), 


/=15L84-22,6x0,404 

= 42.71 kJ/kg 


Ans 


Net exergy transferred to turbine 


Work 


69L84kJ/Tcg 
540 kJ/kg 


Exergy destroyed = / = 142.71 kJ/kg 
Exergy transferred out accompanying heat transfer 


22.6 X 0404-9.13 kJ/kg 


Exergy transferred 

691.84 kJ/kg 


Exerg}^ Balance 


Exergy uiiUzed 


Work = 540 kJ/kg (78%) 
Destroyed = 142.71 kJ/kg (20,6%) 
Transferred with heat = 9.13 kJ/kg (1.3%) 


691 M kJ/kg 


Second law e^ciency, 17 ^ 


540 


691.S4 


0.78 or 78% 




Example 8.19 A bimace is heated by an electrical resistor. At steady state, 
electrical power is supplied to the resistor at a rate of 8.5 kW per metre length to 
maintain it at 1500 K when the furnace walls are at 500 K. Let - 300 K (a) For 
the resistor as the system, determine the rate of availability transfer 
accompanying heat and the irreversibility rate, (b) For the space between the 

resistor and the walls as the system, evaluate the irreversibility rate. 

Solution Case (a): At steady state for the resistor (Fig. Ex. 8.19), 

0 = A(/+Fr=ir^8.5kW 


Resistor at 500 K 


i 




Availability rate balance gives 


di 


1 


Furnace walls at 500 K 
Fig. £x. aJ9 


r 


Space 


/ 



0+ 


'ip df' 

w-p,- 


/ = 0 










Basic 



■ 

/ " Rate of irreversibility 


1 


T 



+ fV 


1 






.5) + 8.5 


= 1.7 kW 

Rate of availability transfer with heat 


Arts, (a) 


1 


Ik 

T 


■ 

Q 


1 


300 

1500 



8.5) 


6JkW 


Ans. (a) 


Case (b): Steady slate, 


dA 

dT 


1 





m 

1 


1 


T 


300 

1500 


I 






T 



W-I=0 




8,5 


1 



500 



5 


6.8-34 = 34 kW 


Afts. (b) 


Example 8.20 Air enters a compressor at 1 bar* 3 0“C, which i s also the Stele 
of the environment. It leaves at 3.5 bar, 141 ®C and 
velocity and P.E. effect, deteimine (a) whether the 


polytropic, (b) if not adiabatic* the polytropic index, 
(d) the mimmuin work input and itreversibility. 
Take of air 



L0035 kJ/kgK. 


(a) After isentropic compression 






z 


I 


Pi 


^(r-lVr 


Pt J 


z 




303 (3.5) 


0.2S6 


433.6 K= 160.6'^C 


Since this temperature is higher than the given temperature of 141°C, thi^e is 
heat loss to the surroundings, The compression cannot be adiabatic. It must be 
polytropic. 


(b) 


14t + 273 

30 + 273 


a 

P\ 


(n -lyn 


1, 



3^ 

1 


(n^ l)/n 


log 1.366 


n-i 


n 


log 3,5 


1 


1 


0.135 


n 


0.544 




n = 1.32978= 1.33 


Ans 





Availabk Energy, Em^ and 





W. 




Aj ^2 


Vi 


2 


2 


1.0035 (30-141) 


90 


2 


2 


X 10 


-3 


115.7kJ/kg 


Isothermal work 


2 




T 




I 


vl 

2 


RT,\b^ 


Pi 


2 


0,287x303 In (3,5) 
113 y/kg 


90^ 


2 


’ X 10“^ 


Isothermal efficiency: 


Ot 


fK 


T 


113 


W. 


115.7 


0,977 or 97,7% 


Ans. 



or exergy 




^1 ^a(^i 




+ 






2 


2 


c,(T,-T2)-T, 



R In - tr. In ^ 

P L 




V. 


2 


2 


Pi 


1 


2 


L0035 (30- 141) 


303 


0,287 In 3.5 -1,0035 In 


4141 


90 


2 


Minimum work ii^ut 


Irreversibility, 


/ 


L 

303 J 2000 

-lOl.gkJ/kg 


- tOl.8 kj/kg 

Ans. 

fy^-K 


-101.8-{-115.7) 


13.9kJ/kg 

Arts. 


r 

(e) Second 1 aw efficiency, 


Ou 


Minimum work i nput 
Actual work input 
0-88 or 88% 


101,8 

115.7 


Arts 



S. 1 What do you understand by high grade energy and low grade energy? 

8.2 What is available energy and unavailable energy? 

8.3 Who propounded the concept of availability? 



£.4 What is the available energy referred to a cycle? 

S.5 Show that there is a decrease in avallabte energy when heat is transferred through 

a finite temperature difference- 

£.6 Deduce the expression for available energy from a finite energy source at 

temperature T when the env ironmental temperature is 
fi .7 What do you understand by exergy and energy? 

S.£ What is meant by quality of energy? 

8,9 Why is exergy of a fluid ai a higher temperature more than that at a lower 

temperature? 

8-10 How docs the exergy value provide a useful measure of the quality of energy? 

£.11 Why IS the second law called the law of degradation of energy? 

8.12 Energy is always conserved^ but its quality is always degraded* Explain. 

8.13 Why is the work done by a closed system in a reversible process by interacting 

only with the surroundings the maximum? 

8-14 Show that equal work is done in all reversible processes between the same eruJ 

states of a system if it exchanges energy only with the surroundings. 

8-15 Give the general expression for the maximum work of an open system which 

exchanges heat only with the surroundings* 

3-16 What do you understandby Keenan function? 

SJ7 Give the expression for reversible work in a steady flow process under a given 

environment. 

S-18 Give the expression for reversible work done by a closed system if it interacts 

only with the surroundings. 

£.19 What do you understand by 'useful work'? Derive expressions for useful work 

for a closed system and a steady flow system which interact only with the 
surroundings. 

S-20 What arc the availability functions for a: (a) clossed system, (b) steady flow 

system? 

8-21 What do you understand by the dead state? 

8-22 What is meant by availability? 

8*33 Give expressions for availabilities of a closed system and a steady flow open 

system- 

8.24 What are Helmholtz function and Gibbs function? 

8.25 What is the availability in a chemical reaction if the temperature before and affer 

the reaction is the same and equal to the temperature of the surroundings? 

8-26 When is the availability of a chemical reaction equal to the decrease in the Gibbs 

function? 

8.27 Derive the expression for irreversibility or exergy loss in a process executed by; 

(a) a closed system, (b) a steady flow system, in a given environment. 

8.28 State and explain the Gouy-StodoLa theorem* 

8.29 How is heat transfer through a finite temperature difference equivalent to the 

destruction of its availabi Ufy? 

8.30 Considering the steady and adiabatic flow of an ideal gas through a pipe, show 

that the rale of decrease in availability or lost work is proportional to the pressure 
drop and the mass flow rate. 

8.31 What do you understand by Grossman diagram? 

8.32 Wliat is entropy generation number? 

8.33 Wliy is exergy always a positive value? Why cannot it be negative? 
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834 Why and when is exergy completely destroyed? 

835 G ive the exergy balance for a closed system. 

S 36 Explain the statement \ The exergy of an isolated system can never Increase. How 

is it related to the principle of increase of entropy? 

5.37 Give the exergy balance of a steady flow system. 

8.38 Define ihe second law efficiency, How is itdifTerent from the first law efTiciency 

in the case of a simple power plant? 

8.39 Derive the second law efficiency for: (a) a solar water heater^ and (b) a heat pump. 

8.40 What is meant by energy cascading? How is it themiodynamicaJly efFicient? 

8.41 Derive expressions for the irreversibility and second law efficiency of a: 

(a) steam turbine, (b) compressor, (c) heat exchanger, and (d) mixer. 

8.42 What is the deficiency of the first law efficiency? How docs the second law 

efficiency make up this deficiency? 

8.43 How can you improve the first law efficiency and the second law efficiency? 

Problems 


8.1 What is the maximum usehil work which can be obtained when 100 kJ are 
abstracted from a heat reservoir at 675 K in an environment at 288 K? What is the 
loss of useful work if (a) a temperature drop of 50^C is iutroduced between the 
heat source and the heat engine, on the one hand, and the heat engine and the heat 
sink, on the other, (b) the source temperature drops by 50^C and the sink 
temperature rises by 50°C during the heat transfer process according to the linear 



= ± constant? 





Ans. 57.38 kJ. (a) ll.46kJ,(b) 5.5 kJ 
In a steam generator, water is evaporated at 260*Cj while the combustion gas (Cp 
- LOS kJ/kg K.) is cooled from J300“C to 320®C. The surroundings are at 30°C. 
Determine the loss in available energy due to the above heat Iransfcr per kg of 
water evaporated, (Latent heat of vapori;:ation of water at 260”C = 1662.5 kJ/ 
kg.) 

Ans. 443.6 kJ 

Exhaust gases leave an internal combustion engine at 800°C and 1 atm, after 
having done L 050 kJ of work per kg ofgas in the engine (Cp of gas =" L1 kJ/kg K). 
The temperature of (he surroundings is 30^C. (a) How much available energy 
per kg of gas is lost by throwing away the exhaust gases? (b) What is the ratio of 

the lost available energy to the engine work? 

Ans. (a) 425.58 kJ, (b) 0.405 
A hot spring produces water at a temperature of 56°C, The water flows into a 
large lake, with a mean temperature of 14°C, at a rale ofO. Im^ of water per min. 
What is (he rate of working of an ideal heat engine which uses all the avaitabte 
energy? 

Ans. 19.5 kW 

0.2 kg of air at 30G°C is heated reversibly at constant pressure to 2066 K, Find 
the available and unavailable energies of the heat added. Take Tq = 30‘'C and 
^ 1.0047 kJ/kg K, 

Anx. 21L9 and 78.1 kJ 

■T- I -Hjnui- -- 


8,5 






Eighty kg of water at 100“C are mixed with 50 kg of water at 60®C, while the 
temperature of the surroundings is 15'^C. Determine the d^rease in avaitahle 
energy due to mixing. 

Arts. 240 kJ 

A lead storage battery used in an automobile is able to deliver 5^ MJ of electrical 
energy. This energy is available for starling the car* 

Let compressed air be considered for doing an equivalent amount of work in 
starting the car. The compressed air is to he stored at 7 MPa, 25°C. What is the 
volume of the tank that would be required to let the compressed air have an 

availability of 5*2 MJ? For air, pv = 0*287 T,. where Tis in 1C in kPa» and v in 

m^/kg. 

Arts. 0.228 


Ice Is to be made from water supplied at 15°C by the process shown in Fign P 8.8. 
The final temperature of the ice is - 10°C, aud the fioal tetnperature of the water 
that is used as cooling water in the condenser is 30^C. Determine the minimum 


work required to produce 1000 kg of ice* Take Cp for water = 4.187 kJ/kgK, Cp for 

latent heat of fusion of ice = 


ice = 2.093 U/kglC 



334 kJ/kg. 


Water 15*^ ' 



Water 30=0 


(oe. -1CrC 


Fig* PM 


Ans. 31.92 MJ 

8.9 A pressure vessel has a volume of I and contains air at 1.4 MPa, 175 *C, The 

air is cooled to 25'’C by heat transfer to the surroundings at 2S°C. Calculate the 

availability in the initial and ftnal states aud the irreversibility of this process* 
Take/?fl = lOOkPa. 

Arts. 135 y/kg, 114.6 kJ/kg. 223 k! 

8.10 Airflows through an adiabatic compressor at 2 kg/s* The inlet conditions are 1 

bar and 310 K and the exit conditions are 7 bar and 560 K. Compute the net rate 
of availability transfer and the irreversibility. Take To = 298 K. 

Ans. 48LI kW and 21.2 kW 

8.11 An adiabatic turbine receives a gas (Cp = 1.09 and = 0.838 kJ/kg K) at 7 bar 

and I000°C and discharges at 1.5 bar and 665X* Determine the second law and 
isentropic efficiencies of the turbine. Take = 298 K. 

/fnr. 0.956, 0.879 

8*12 Air enters an adiabatic c ompres sor at atmospheric conditions of 1 bar, 15 °C and 

leaves at 5*5 bar. The mass flow' rate is 0.01 kg/s and the efficiency of the 

compressor is 75%. After leaving the compressor, the air is cooled to 40“C in an 
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aftcrcooier. Calculate (a) the power required to drive the compressor^ and (b) the 
rate of irrcverstbihty for the overall process (compnessor and cooler)* 

Ans. <a) 2*42 kW, (b) 1 kW 

8,13 In a rotary compressor, air enters at LI bar, 21where it is compressed 

adiabatically to 6.6 bar, 250°C. Calculate the irreversibil ity and the entropy 
production for unit moss flow rate. The atmosphere is at 1.03 bar, 20*C. Neglect 
the ICE* changes. 

AnSr 19 kJ/kg, 0*064 kJ/kg K 

8*14 In a steam boiler, the hot gases from a fire transfer beat to water which vaporizes 

at a constant temperature of242.6®C (3,5 MPa). The gases arc cooled from 1100 

to 430®C and have an average specific heat. Cp L046 kJ/kg K over this 

temperature range. The latent heat of vaporization of steam at 3*5 MPa is 
1753*7 kJ/kg. If the steam generation rate is 12*6 kg/s and there is negligible heat 
loss ftora the boiler, calculate: (a) the rate of heat transfer, (b) the rate of loss of 

exergy of the gas* (c) the rate of gain ofexergy of ihc steam, and (d) the rate of 

entropy generation * Take Tq = 1[ “C* 

Ans. (a) 22096 fcW. (b) 15605.4 kW (c) 9501.0 kW, (d) 20*76 kW/K 

8.15 An economi^r, a gas-to-water fmned tube heat exchanger, receives 67.5 kg/s of 

gas Cp = 1.0046 kJ/kg K, and 51.1 kg/s of water. Cp - 4.186 kJ/kg K. TTie water 
rises in temperature from 402 to 469 K, where the gas falls in temperature from 
682 to 470 K. There are no changes of kinetic energy, and Pq - 1.03 bar and Tq = 

289 K* Deteraiine: (a) rate of change of availability of the water, (b) the rate of 

change of a vailabil ity of the gas. and (c) the rate of entropy generation. 

Ani. (a) 4802.2 kW. (b) 7079,8 kW, (c) 7*73 kW/K 

8.16 The exhaust gases from a gas turbine are used to heat water in an adial^tic 

counterflow heat exchanger. The gases are cooled from 260 to 12D^C. while 
water enters at 65°C* The flow rates of the gas and water are 0.38 kg/s and 

0.50 kg/s respectively. The constant pressure specific heats for the gas and water 

are 1*09 and 4.186 kJ/kgK respectively* Calculate the rate of exergy loss due to 
heat transfer. Take Tq = 35“C* 

Ans. ] ] .92 kW 


8.17 The exhaust from a gas turbine ai 1.12 bar. SCO K flows steadily into a 

exchanger which cools the gas to 700 K without significant pressure dreqr. 


The 


heat transfer from the gas heats an air flow at constant pressure, which enters the 
heat exchanger at 470 K* The mass flow rate of air is twice that of the gas and the 

surroundings are at 1*03 bar, 20°C* Determine; (a) the decrease in availability of 

the exhaust gases, and (b) the total eniropy production per kg of gas* (c) What 

arrangement would be necessary to make the heat transfer reversible and how 


much would this increase the power output of the 


per 


Take Cp for exhaust gas as I *08 and for air as 1 *05 kJ/kg IC* Neglect heat transfer 
to the surroundings and the changes in kinetic and potential energy* 

Ara. (a) 66 kJ/kg. (b) 0.0731 kJ/kg K, (c) 38.7 kJ/kg 

8.18 An air preheater is used to heat up the air used for combustion by cooling the 

outgoing products of combustion from a furnace. The rate of flow of the products 
is 10 kg/s, and the products arc cooled from 300^€ to 2Q0‘'C. and for the products 
at this temperature c. = 1.09 kJ/kg K. The rate of air flow is 9 kg/s. the initial air 


at this temperature = 1.09 kJ/kg K. 

temperature is 40®C, and for the air c 


1 *005 y/kg K. 


(a) What is the initial and final availability of the products? 





I 
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(b) What is the irreversibility for this process? 

(c) If the heat transfer from the products were to take place reversibly through 
heat engines^ what would be the fItiElly temperature of the air? What power 
would be developed by the heat engines? Take Tq = 300 K. 

Ans (a) B5,97,39.68 kJ/kg, (b) 2S6.5 kW, (c) 394.41 K, 353.65 kW 

8.19 A mass of 2 kg of air in a vessel expands from 3 bar, 70“C to 1 bar, 40®C, while 

receiving 1.2 kJ of heat from a reservoir at ]20^C. The environment is at 0.9B 
bar, ll^C, Calculate the maximum work and the work done on the atmosphere. 

Ans. 177 kJ, U2.5 kJ 

8.20 Air enters the compressor of a gas turbine at 1 bar, 30and leaves the 

compressor at 4 bar. The compressor has an efficiency of 82%. calculate per kg of 
atr (a) the work of compression, (b) the reversible work of compression, and 

(c) the ineveisibility. [For air, use 



where T 2 ^ is the temperature of air after iscntropic compression and 1.4. The 
compressor efficiency is defined as (Tjj - - Tj), where is the actual 

temperature of air after comprcssional.) 

Ans. (a) 180.5 kJflcg, (b) 159.5 kJ/kg<c) 21 kJ/kg 

8.21 A mass of 6.98 kg of air is in a vessel at 200 kPa, 27“G. Heat is transferred to the 

air from a reservoir at 727®C until the temperature of air rises to 327®C. The 
environment is at 1 OOkPa, 17®C. Determine (a) the initial and final availability of 
air, (b) the maximum useful work associated with the process. 

Ans. (a) 103.5,621.9 U (b) 582 kJ 

8.22 Air enters an adiabatic compressor in steady flow at 140 kPa, 17°C and 70 m/s 

and leaves it at 350 kPa, 12T°C and 110 m/s. The environment is at 100 kPa, 
7®C. Calculate per kg of air (a) the actual amount of work required, (b) the 

minimum work required, and (c) the irreversibility of the process. 

Ans. (a) 114.4 kJ, (b)97.3 U, (c) 17.1 kJ 

8.23 Air expands in a turbine adiabatically from 500 kPa, 400 K and ISO m/s to 

lOO kPa^ 300 K and 70 m/s. The environment is at 100 kPa, 17X. Calculate per 

kg of air (a) the maximum work output, (b) the actual work output, and (c) the 
ifreversibi lity. 

Ans, (a) 159 kJ, (b) 109 kJ, (c) SO kJ 

8.24 Calculate the specific exergy of air for a state at 2 bar, 393.15 K when the 

surroundings are at f bar, 293.15 K. Take - 1 and R = 0.287 kJ/kg K. 

Ans. 72,31 kJ/kg 

8.25 Calculate the specific exergy of CO 2 (cp = 0.8659 and i? = 0.1889 kJ/kg K) for 1 

state at 0.7 bar, 268.15 K. and for the environment at 1.0 bar and 293.15 1C. 

Ans.-\^J1 kJ/kg 

8.26 A pipe carries a stream of brine with a mass flow rale of 5 kg/s. Because of poor 

thermal insulation foe brine temperature increases from 250 K at the pipe inlet to 
253 K at the exit. Neglecting pressure losses, calculate the irreversibility rate (or 
rate of energy degradation) associated with the heat leakage. Take ~ 293 K 
and Cp = 2.85 kJ/kg K. 

Ans. 7,05 kW 

8.27 In an adiabatic throttling process, energy per unit mass or enthalpy remains the 

same. However, there is a loss of exergy. An ideal gas flowing at the rate m is 
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throttled from pressure p^ to pressure Pi when the environment is at temperature 
What i s the rate of exergy toss due to throtU ing? 


Ans. \ = In 

Pi 

&.2S Air at 5 bar and 20^C flows into an evacuated tank until the pressure in the tank 

is 5 bar. Assume that the process is adiabatic and the temperature of the 
surroundings is20'^CH (a) What is the final temperature ofthe air? (b) What is the 
reversible work produced between the initial and final states of the air? (C) What 
is the net entropy change of the air entering the tank? (d) Calculate the 
irreversibility of the process. 

Ans. (a) 410.2 K, (b) 98.9 kJ/kg, (c) 0.3376 U/kg K, (d) 98.9 kJ/kg 

8.29 A Carnot cycle engine receives and rejects heat with a 20''C temperature 

difTcrential between itself and the thermal energy reservoirs. The expansion and 
compression processes have a pressure ratio of 50. For 1 kg of air as the working 
substance, cycle temperature limits of 1000 K. and 300 K and = 280 K, 
determine the second law efficiency. 

Ans. 0.965 

8.30 Energy is received by a solar collector at the rate of 300 kW from a source 

temperature of 2400 K. If 60 kW of this energy is lost to the surroundings at 

steady state and i f the user temperature remains constant at 600IC what arc the 

first taw and the second law efficiencies? Take " 300 K. 

Ans. 0.80, 0.457 

8.31 For flow of an ideal gas through an insulated pipeline, the pressure drops from 

100 bar to 95 bar. If the gas flows at the rate of 1.5 kg/s and has Cp= 1.005 and 

" 0.71 S kJ/kg K and if 300 K, find the rate of entropy generation and rate 

of loss of exergy, 

Ans. 0.0215 kW/K, 6.46 kW 

8.32 The cylinder of an internal combustion engine contains gases at 2500''Cj 58 bar. 

Expansion takes place through a volume ratio of 9 according to pv^^^ ~ const. 

The surroundings are at 20'’C, L, 1 bar. Determine the loss of availability, the 

. • 

work transfer and the heat transfer per unit mass. Treat the gases as ideal having 

R = 0.26 y/kg K and = 0.82 y/kg-K. 


Ans. 1144 y/kg, I074y/kg,-213y/kg 

8.33 In a counterffow heat exchanger, oil = 2.1 kJ/kg-K) is cooled from 440 to 320 

K, while water (Cp = 4,2 kJ/kg K.) is heated from 290 K to temperature T. The 
respective mass flow rates of oil and water are 800 and 3200 kg/h. Neglecting 
pressure drop, KE and PE effects and heat loss, detennine (a) the temperature 7, 
(h) the rate of exergy dcstTuction, (c) the second law efficiency. Take Tq = [7°C 
and P(^ = I atm. 

Ans. (a) 305 K, (b) 41,4 MJ/h, (c) 10,9% 

8.34 Oxygen enters a nozzle operating at steady state at 3.8 MPa, 387“C and 10 m/s. 

At the nozzle exit the conditions are 150 kPa, 37“C and 750 m/s. Detcimine (a) 

the heat transfer per kg and {b) the irreversibility. Assume oxygen as an ideal gas, 
and take = 20“C, ” 1 atm. 

Ans. (a) - 37.06 y/kg, (b) 31,72 U/kg 

8.35 Argon gas expands adiabatically in a turbine from 2 MPa, 1000®C to 350 kPa. 

The mass flow rate is 0,5 kg/s and the turbine develops power at the rate of 





120 kWn Determine <a) the temperature of argon at the tuH>ine exit, (b) the 

irreversibility rate, and (c) the second law cfRciency. Neglect and FE effects 

and take ^ 20°C, pq = I atm. 

Ans. (a) 538.PC, (b) 18.78 kW, (c) 86,5% 
36 In the boiler of a power plant are tubes through which water flows as it is brought 
from 0.8 MPa, 150^C {h = 632.6 kJ/kg, s = 1.8418 kJ/kg K.) to 0.8 MPa, 250^C 
(A - 2950 kJ/kg, s = 7.0384 kJ/kg K). Combustion gases passing over the tubes 
cool from 1067^C to 547*C. These gases may be considered as air (ideal gas) 


cool from 1067^C to 547*C. These gases may be considered as air (ideal gas) 
having Cp = 1.005 kJ/kg K.. Assuming steady state and neglecling any heat loss, 
and K£ and PE effects, determine (a) the mass flow rate of combustion gases per 
kg of steam, (b) the loss of exergy per kg steam, and (c) the second law efficiency. 

Take Tq = 25"C, /jp = 1 atm. 


Ans. (a) m^m 


W 


4.434, (b) 80239 kJ/kg steam, (c) 48.9% 


8.37 Air enters a hair diyer at 22 “C, I bar with a velocity of 3 J m/s and exits at 83 “C, 


1 bar with a velocity of 9.1 ra/s through an 



of 18,7 cm^ Neglecting any heat 


loss and PE effect and taking Tq = 22®C, (a) evaluate the power required in kW, 
and (b) devise and evaluate a second law efficiency. 

^ftr.(a}-1.0ZkW, (b) 9% 

8.3S An isolated system consists of two solid blocks. One block has a mass of 5 kg 

and is initially at 300°C. The other block has a mass of 10 kg and is initially at 
- 50°C. The blocks are allowed to come into thermal equilibrium. Assuming the 
blocks are incompressibie with constani specific heats of 1 and 0.4 kJ/kgK, 

respectively, deteimme (a) the final temperaUire, (b) the irreversibility. Take = 

300 K. 

/Ins. (a) 417.4 K, (b) 277 kJ 

5.39 Air flows into a heat engine at ambient conditions 100 kPa, 3(X11C. Energy is 

supplied as 1200 Id per kg air from a 1500 K. souice and in some part of the 

process, a heat loss of 300 kJ/kg air happens at 750 K. The air leaves the engine 
at 100 kPa, SOOK, Find the first and the second law efficiencies, 

Ans. 0.315, 0.672 

8.40 Consider two rigid containers each of volume 1 containing air at 100 kPa, 

400K. An internally reversible Carnot heat pump is then thermally connected 


between them so that it heats one up and cools the other down. In order to transfer 
heat at a reasonable rate, the temperature difference between the working fluid 
inside tbe heat pump and the air in the containers is set to 20^C. The process 
stops when the air in the coldest tank reaches 3O01C. Find the final temperature of 
the air that is heated up, the work input to tbe heat pump, and the overall second 

law efficiency. 


Ans. 550 K,3I.2 kJ, 0.816 



A pure substance is a substance of constant chemical composition throughout its 
mass. !t is a one^component system. It may exist in one or more phases. 

9.1 p-v Diagram for a Pure Substance 

Assume a unit mass of ice (solid water) at -1 O^C and I atm contained in a cylinder 
and piston machine (Fig. 9,1). Let the ice be heated slowly so that its temperature 
always uniform. The changes which occur in the mass of water would be traced 

as the temperature is increased while the pressure is held constant. Let the state 

changes of water be plotted on p~v coordinates. The distinct regimes of heating, 
as shown in Fig. 9,2, are: 



Fig, 9,1 Heating of j H 2 O at a constant pressure of f atm 

1— 2 The temperature o f i ce increases from -1to O'^C. The volume of ice 
would increase, as would be the case for any solid upon heating. At state 2, i.e, 

the ice would start melting. 

2- 3 ice melts into water at a constant temperature of 0°C. At state the 
melting process ends. There is a decrease in volumet which is a peculiarity of 
water. 
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3- 4 The temperature of water increases, upon heating, from O^C to lOO^C. 
The volume of water increases because of thermal expansion, 

4- 5 The water starts boiling at state 4 and boiling ends at slate 5* This phase 
change fit>m liquid to vapour occurs at a constant temperature of 100®C (the 
pressure being constant at 1 atm). There is a large increase in volume. 

5- 6 The vapour is heated to, say, 250®C (state 6), The volume of vapour 
increases from to 

Water existed in the solid phase between 1 and 2, in the liquid phase between 
3 and 4, and in the gas phase beyond 5, Between 2 and 3, the solid changed into 
the liquid phase by absorbing the latent heat of hision and between 4 and 5, the 
liquid changed into the vapour phase by absorbing the latent heat of vaporization, 
both at constant temperature and pressure. 

The states 2,3,4 and 5 are known as saturation states. A saturation state is a 
state from which a change of phase may occur without a change of pressure or 
temperature. State 2 is a saturated soHd state because a solid can change into 
liquid at constant pressure and temperature from state 2. States 3 and 4 are both 
saturated liquid states. In state 3, the liquid is saturated with respect to 
solidi^catfon, whereas in state 4, the liquid is saturated with respect to 
vaporization. State 5 b a stdumfed vapour state, because fiom slate 5, the vapour 
can condense into liquid without a change of pressure or temperature. 

If the heating of ice at "10°C to steam at 250^C were done at a constant 
pressure of 2 atm, similar regimes of heating would have been obtained with 
similar saturation states 2,3,4 and 5, as shown in Fig, 9.2, All the state changes 
of the system can similarly be plotted on the p-v coordinates, when it is heated at 
different constant pressures. All the saturated solid states 2 at various pressures 
are joined by a line, as shown in Fig, 9,3. 



- V 

Fig, 9,2 Changes in the volume of water during heating at constant pressure 


Similarly, all the saturated liquid states 3 with respect to solidification, all the 
saturated liquid states 4 with respect to vaporization, and all the saturated vapour 
states 5, are j oined together. 

Figure 9.4 shows state changes of a pure substance other than water whose 
volume increases on melting. 


The tine passing through all the saturated solid states 2 (Figs 9.3 


9,4) is 


called the saturated solid line. The lines passing through all the saturated liquid 


and 4 with respect 


vaporization respectively 
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known the saturated liquid Ones, and the line passing through all the saturated 

vapour states 5^ is the saturated vapour tine. The 
respect to vaporization and the saturated v^ur line incline towards each other 
and form what is known as the saturation or vapour dome. The two lines meet at 
the critical state. 
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Fig- 9^ p-o diagram cf water, whose mlume deereases m mdiing 
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Fig. 9.4 p-v dia^am of a pure substance other than water^ whose volume 


mcreases on 



To the left of the saturated solid line is the solid (5) region (Fig. 9.4). Between 
the saturated solid line and saturated liquid line with respect to solidification 
there exists the soliddiquid mixture (S + L) region. Between the two satumted 
liquid lines is the compressed liquid region. The iiquid-vapour mixture region 
(L+V) exists within the vapour dome between the saturated liquid and saturated 
vapour lines. To the right of the saturated vapour line is the vapour region. 

triple point is a line on the p-v diagram, where all the three phases, solid, liquid 



r 


rr “htli- i ^ 


Tl 


2S2 


and gas, exit in equilibrium* At a pressure below the triple point line, the 
substance cannot exist in the liquid phase, and the substance, when healed, 


transforms from solid to vapour (known as sublimation) by absorbing the latent 


is, therefore, the solid^vapour (S-\- V) mixture region. Table 9. 1 gives the triple 


a 


sti 


Table 9*1 



Liquid is, most 



, the working fluid in power cycles, etc. and interest is 


often confined to the liquid*vapour regions only* So to locate the state points, the 
solid regions from Figs 9*3 and 9*4 can be omitted* The p-v diagram then 
becomes as shown in Fig. 9.5. If the vapour at state A is compressed slowly and 
isothcmially, the pressure will ri sc until there is saturated vapour at point B. If the 
compression is continued, condensation takes place, the pressure remaining 
constant so long as the temperature remains constant. At any point between 3 and 
C, the I iquid and vapour are in equ ilibrium* Since a very large increase in pressure 
is needed to compress the liquid, line CD is almost vertical A BCD is a typical 
isotherm of a pure substance on a p^v diagram, Some i sotherms are shown in 
Fig. 9.5. As the temperature increases, the liquid^vapour transition, as represented 
by BC, decreases, and becomes zero at the critical point* Below the critical point 
only, there is a Uquid*vapour transition zone, where a saturated liquid, on heating, 
absorbs the latent heal of vapori^tion, and becomes saturated vapour at a 
constant pressure and temperature. Similarly, a saturated vapour, on cooling, 
releases the latent heat of condensation at constant pressure and temperature to 
become saturated liquid. Above the critical point, however, a liquid, upon heating, 
suddenly flashes into vapour, or a vapour, upon cooling, suddenly condenses into 


liquid. There is no distinct transition zone 


to vapour 


V tee versa, 


The isotherm passing through the critical point is called the critical isotherm^ and 
the corresponding temperature is known as the critical temperature (z^)* The 
pressure and volume at the critical point are known as the critical pressure ip^ 
and the critical volume (n^) respectively* For water 
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Fig* 9*5 Saturation curve on p-v diagram 

The critical point data of certain substances are given in Appendix F. Above 
the critical point, the isotherms are continuous curves that at large volumes and 
low pressures approach equilateral hyperbolas. 

When a liquid or solid is in equilibrium with its vapour at a given temperature, 
the vapour exerts a pressure that depends only on the temperature (Fig. 9.6). In 
general, the greater the temperature, the higher is the vapour pressure. The 
temperature at which the vapour pressure is equal to 760 mm Hg is called the 
normal boiling point. 
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Fig* 9*6 Vapour pressure 

Phase change occurs at constant pressure and temperature. A pure liquid at a 
given pressure will transform into vapour only at a particular temperature* known 
as saturation temperature, which is a function of pressure* Similarly, if the 
temperature is fixed* the liquid will boil (or condense) only at a particular 
pressure, called the saturation pressure, which is a function of temperature. In 
Fig* 9*7, if/?] is the pressure, the corresponding saturation temperature is 
or if is the given temperature, the saturation pressure is ( 715 ^) 2 ■ As the pressure 
increases, the saturation tcmperalure increases* Saturation states exist up to the 
critical point* At point A, the liquid starts boiling* and at point B, the boiling gets 
completed. At A, it is all liquid (saturated) and there is no vapour* while at it is 
all vapour (saturated) and there is no liquid. Vapour content progressively 
increases as the liquid changes its state from A towards B. 
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If Uy is the speciflc volume of the saturated liquid at a given pressure, and 
the specific volume of the saturated vapour, then - v^) or is the change in 
specific volume during phase transition (boiling or condensation) at that pressure. 
As pressure increases, Vf^ decreases, and at the critical point becomes zero. 


,— Critical point 



Vf Og 

—-►- V 

9.7 SatunUian prasure &td ImtperatuTe 


9J1 p-T Diagram for a Pare Substance 


The state changes of a pure substance, upon slow heating at different constant 
pressures, are shown on the p-^ plane, in Figs 9.2, 9J, and 9.4. If these state 
changes are plotted onp-Tcoordinates, the diagram, as shown in Fig, 9.S, will be 
obtained. If the heating of ice at -lO^C to steam at 250^0 at the constant pressure 
of 1 atm is consideied, 1 -2 is the solid (ice) heating, 2-3 is the meldng of ice at 
0*C, 3-4 is the liquid heating, 4-5 is the vaporization of water at 100“^, 



5-6 is the hearing in the vapour phase. The process will be reversed from state 6 
to state 1 upon cooling. The curve passing through die 2, 3 points is called the 
fiision curve, and the curve passing through the 4, 5 points (which indicate the 

vaporization or condensation at different temperatures and pressures) is called 


Fusion Vaporizaton 
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Fig, 9,0 Phase equilibnum diagram on p-T coordinaUs 
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the vaporization curve. If the vapour pressure of a solid ts measured at different 
ten^ratures, and these are plotted, the sublimation curve will be obtained* The 

fusion curve, the vaporization curve, and the sublimation curve meet at triple 

point. 

The slopes of the sublimation and vaporization curves for all substances are 
positive. The slope of the fusion curve for most substances is positive, but for 
water, it is negative. The temperature at which a liquid boils is very sensitive to 
pressure, as indicated by the vaporization curve which gives the saturation 
temperatures at different pressures, but the temperature at which a solid melts is 
not such a strong function of pressure, as indicated by the small slope of the 
fusion curve* 

The triple point of water is at 4.58 mm Hg and 273* 16 K, whereas that of CO^ 
is at 3885 mm Hg (about 5 atm) and 216*55 K* So when solid CO^ ('dry ice*) is 
exposed to 1 atm pressure, it gets transformed into vapour directly, absorbing the 
latent heat of sublimation fiom Che surroundings, which gets cooled or 'refrige* 
rated*. 


9.3 




The relationships between pressure, specific volume, and temperature can be 
clearly understood with the aid of a three-dimensional p-v-T surface* Figure 9*9 
illustrates a substance like water that expands upon freezing and Fig* 9* 
illustrates substances other than water which contract upon freezing. The 
projections on thep-T andp-u planes are also shown in these figures. Any point 
on the p-xt-T surface represents an equilibrium state of the substance. The triple 
point line when projected to thep-Jplane becomes a point. The critical isothen 
has a point of inflection at the critical point. 


9.4 T-s Diagram for a Pure Substance 


The heating of the system of 1 kg of ice at -5*^0 to steam at 250*C is again 
considered, the pressure being maintained constant at 1 aim. The entropy 
increases of the system in different regimes of heating are given below* 


1 * Theentropy increase of icc as it is heated from ”5X to OX at I atm. (c 


2.093 kJ/kg K)* 


Piu 


As 
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. = J 
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-268 



2.093 In ’ 


273 

268 


0*0398 kJ/kg K* 


* 273 


2* The entropy increase of ice as it rhelts into water at O'^C (latent heat of 


fusion of ice = 334.96 kJ/kg) 


As 
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3 ^^2 


334.96 




273 


1.23kJ/kgK 
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Fig. 9.9 p-tj-T su tfact and ptajections for a substance that expands on fieeeing 

(a) Thret-dimeTisianai niew (b) Phase diagram (c) p-a diagram 


3. The entropy increase of water as it is heated trom 0°C to lOO^C 


(c 


p water 


4.187 
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273 


1.305 U/kgK 


4. The entropy increase of water as it is vaporized at 100®C, absorbing the 


latent heat of vaporization (2257 kJ/kg) 


A.V4 J4 


2257 

273 


6.05 kJ/kg K 


5. The entropy increase of vapour as it is heated from lOO^C to 250°C at 
L atm 
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2.093 In 


523 

373 


= 0,706 U/kg K 

assuming the average specific heat of steam in the temperature range of 

100°C to 250°C as 2.093 kJ/kg K. 

These entropy changes are shown in Fig. 9.11. The cun^e 1-2-3-4-5-6 is the 
isobar of 1 atni. If, during the heating process, the pressure had been maintained 
constant at 2 atm. a similar curve would be obtained. The states 2, 3.4, and 5 are 
saturation states. If these states for different pressures are joined, as in Figs 9.3 
and 9.4. the phase equilibrium diagram of a pure substance on the F-j coordinates, 
as shown in Fig. 9.12. would be obtained. 
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Fig. 9,11 Isoimrs m T-s phi 



Fig. 9.12 Phase equilibrium diagram on T-s €9QTdiTmi€s 


Most often, liquid-vapour transformations only are of interest, and Fig, 9.13 
shows the liquid, the vapour, and the transition zones only. At a particular 

pressure, spis the specific entropy of saturated water, and is that of saturated 
vapour. The entropy change of the system during the phase change from liquid to 
vapour at that pressure i s jg - , The value of jfg decreases as the pressure 

increases, and becomes zero at the critical point, 

9^ h-s Diagram or MoUier Diagram for a 

Pure Substance 

From the first and second laws of thermodynamics, the following property 
relation was obtained. 

’ 'r ■ \ 'chtli- i ^ i‘ 
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Fig. 9. 13 Saturation (or vapour) dorm fur umttr 


rds = dA - I'd/? 




or 


I 


r 


(9.1) 


p 


This equation forms the basis of the h-s diagram of a pure substance, also 
called the MoUier diagram. The slope of an isobar on the h-s coordinates is equal 
to the absolute saturation temperature + 273) at that pressure. If the 

temperature remains constant the slope will remain constant If the temperature 
increases^ the slope of the isobar will increase. 

Consider the heating of a system of ice at - S'^C to steam at 250^C^ the pressure 
being maintained constant at 1 atm. The slope of the isobar of 1 atm on the h-s 
coordinates {Fig .9.14) first i ncreases as the tempemture of the ice increases from 
-5®C to O'^C (1-2). Its slope then remains constant as ice melts into water at the 
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c onstant temperature of 0°C (2-3). The slope of the isobar again increases as the 
temperature of water rises from O^C to lOO^C (3^), The slope again remains 
constant as water vaporises into steam at the constant tempemture of lOO^C 
(4-S). Finally, the slope of the isobar continues to increase as the temperature of 
steam increases to 250“C <5-6) and beyond. Similarly* the isobars of different 
pressures can be drawn on theA-s diagram as shown in Figs 9.14 and 9AS. States 
2, 3, 4* and 5 are saturation states. Figure 9,15 shows the phase equilibrium 

diagram of a pure substance on the A—.s coordinates* indicating the saturated solid 

line, saturated liquid lines and saturated vapour line* the various phases, and the 

transition (mixture) zones. 
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Fig* 9* 15 Phase equilibriuni diagram an h-s coordinates (AfoUier diagram) 


Figure 9,16 is the h-s or the Mollier diagram indicating only the liquid and 
vapour phases* As the pressure increases* the saturation temperature increases* 

and so the slope of the isobar also increases. Hence* the constant pressure iines 

diverge from one u/io/Aer* and the critical isobar is a tangent at the critical point* 
as shown, in the vapour region* the states of equal slopes at various pressures are 
joined by lines* as shown* which are the constant temperature lines. Although 
the slope of an isob^ remains continuous beyond the saturated vapour line* the 
isotherm bends towards the ri^t and its slope decreases asymptotically to zero* 
because in the ideal gas region it becomes horizontal and the constant enthalpy 


implies constant temperature. 
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MaxwelFs relation* chapter 11. For an ideal gas. 
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A = c] At a particular pressure* Af is the specific enthalpy of saturated water* A^ is 


that of saturated vapour* and A^^ A^ - Aj) is the latent heat of vaporization at 
that pressure* As the pressure increases A{^ decreases, and at the critical pressure. 
Afg becomes zero. 
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If in 1 kg of liquid’vapour tnixmre, j: kg is tbe mass of vapour and < 1 - jt) kg is the 
mass of liquid, then x is known as the quality or dryness fraction of the liquid- 

vapour mixture. Therefore, quality indicates the mass fiaction of vapour in a 
liquid vapour mixture, or 


Jt 


m 


+ /«, 


where and aie the masses of vapour and liquid respectively in the mixture. 
The value ofx varies between D and I, For saturated water, when water just starts 
boiling, Jt = 0, and for saturated vapour, when vaporization is complete, x = 1, for 

which the v^ur is said to be dry saturated. 

Points m in Fig, 9,17 (a), (b), and (c) indicate the saturated liquid states with Jt 
^ Q, and points n bdicate the saturated vapour states with x = 1, the lines mn 
indicating the transition from liquid to vapour. Points a^ h, and c at various 
pressures indicate the situations when the masses of vapour reached 25%, 50%, 
and 75% of the total mass, i.e. at points the mass of liquid is 75% and the mass 

of vapour is 25% of the total mass, at point the mixture consists of 50% liquid 
and 50% vapour by mass, and at points c, the mixture consists of 75% vapour and 
25% liquid by mass. The lines passing through points a, b and r are the constant 
quality tines of 0,25, 0,50, and 0,75 respectively. Constant quality lines start 
from the critical point. 

Let Vbe the total volume of a liquid vapour mixture of quality jt, Vfthe volume 
of the saturated liquid, and the volume of the saturated vapour, the 
corresponding masses being ntf, and resp)ectively. 

Now 
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mf + m^ 


and 


V = Vf4-Vg 

mv-nif Uf + fftg 
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Fig. 9.1 7 Constant <pt&iitf Htm on p*i}, T*s and k-i diagrams 





where x 




i 




, = specific volume of saturated liquid, v 





saturated vapour, and v - specific volume of the mixture of quality x 


Similarly 


J ” (1 —X) Sf + JCJg 
/r = (l-jr)Af+xA 

W = (1 -x) l/f+ XU 


(9,3) 


e 

I 

i 



{9.5) 


where s, h , and it refer to the mixture of quality x, the sufHx/and suffix g indicate 
the conditions of saturated liquid and saturated vapour respectively. 

From Eq. <9^) 


V=(l-x)Vf-^XV^ 

= Vi+ Mpf - Vf) 

^Vf+X. V( 
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or 

V = Of+Xl?fg 

(9.6) 

Similarly 

h = hf-^x hf^ 

(9.7) 


S-Sf+XSf^ 

(9.8) 


U = Uf-^X 

(9.9) 

However, 

p5£pf + xprg 


Volume fraction of vapour or voidage, a - 



m = 

pv = pfV( + PgVg = p^r~v^ + PgVg 

p ^ (1 ~ a)pf+ap. 

(9.9a) 


9.7 Steam Tables 


The properties of water are arranged in the steam tables as functions of pressure 
and temperature. Separate tab les are provided to give the properties of water in 
the saturation states and in the liquid and vapour phases. The internal ener^ of 
saturated water at the triple point (r = 0.01 *C) is arbitrarily chosen to be zero. 

Since h = u+ pv, the enthalpy of saturated water at 0.01 “C is slightly positive 
because of the small value of (pv) term. The entropy of saturated water is also 
chosen to be zero at the triple point 


9-7-1 SuturmHm States 


When a liquid and its vapour are in equilibrium at a certain pressure and 
temperature, only the pressure or the temperature is sufficient to identify the 
saturation state. If the pressure is given, the temperature of the mixture gets fixed, 
which is known as the saturation temperature, or if the temperature is given, the 
saturation pressure gets fixed. Saturated liquid or the saturated vapour has only 

one independent variable, i.c. only one property is required to be known to fix up 
the state. Tables A. 1 (a) and A. 1 (b) in the appendix give the properties of saturat¬ 
ed liquid and saturated vapour. In Table A. 1(a), the independent variable is 
temperature. At a particular temperature, the values of saturation pressurep, and 
Vft h^t h^^t Sf and are given, where h^, and Sf refer to the saturated 
liquid states; Vg, h^ and jg refer to the saturated v apour state; and Vf^ and jfg 
refer to the changes in the property values during evaporation (or condensation) 
at that temperature, where Vf^ = v^-Vf and jjg = s^-Sf. 

In Table A J(b), the independent variable is pressure. At a particul ar pressure, 
the values of saturation temperature t, and h^, ^ given. 

Depending upon whether the pressure or the temperature is given, either Table 
A. 1(a) or Table A. 1 (b) can be conveniently used for computing the properties of 
saturation states. 

If data are required for intemiediate temperatures or pressures, linear 
interpolation is normally accurate . The reason for (he two tables is to reduce the 
amount of interpolation required. 


at that temperature, where Vf^ = v 


Vf and Sfg 
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9,7,2 Liquid-vapour Mixtures 

Let us consider a mixture of saturated liquid water and water vapour in 
equilibrium at pressure p and temperature t. The composition of the mixture by 
mass will be given by its quality and its state will be within the vapour dome 
(Fig, 9.18). The properties of the nuxture are as given in Article 9.6, i.e, 

h = hf+xhf^ 

S=Sf+XSf^ 

where Uf^t hf, Sf and Sf^ are the saturation properties at the given 

pressure and temperature. 



Sf S Sp 

- S 

Fig. 9.18 Prgp^ty in tWQ phau region 


Ifp or / and the quality of the mixture are given, the properties of the mixture 
(u, u, and s} can be evaluated from the above equations- Sometimes, instead of 
quality, one of the above properties, say, specific volume and pressure or 
temperature are given. In that case, the quality of the mixture x has to be 
calculated from the given v and p or r and then x being known« other properties 
are evaluated. 

9,73 Superheated Vapour 

When the temperature of the vapour is greater than the saturation temperature 
corresponding to the given pressure, the vapour is said to be superheated (state 1 
in Fig, 9.19). The difference between the temp>eratuie of the superheated vapour 
and the saturation temperature at that pressure is called the superheat or the 
degree of superheat. As shown in Fig. 9J9, the difference - 'a.) is the 
superheat. 

In a superheated vapour at a given pressure, the temperature may have different 
values greater than the saturation temperature. Table A.2 in the appendix gives 
the values of the properties (volume* enthalpy, and entropy) of superheated vapour 
for each tabulated pair of values of pressure and temperature, both of which are 

now independent. Interpolation or extrapolation is to be used for pairs of values 

of pressure and temperature not given. 
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Fig* 9*19 Superheat and jnbeoling 



9JA 

When the temperatiire of a liquid h than the saturation temperature at the 
given pressure, the liquid is called compressed Hquid {state 2 in Fig. 9,19), The 
pressure and temperature of compressed liquid may vary independently, and a 
table of properties like the superheated vapour table could be arranged to give the 
properties at any p and t. However, the properties of liquids vury Utile with 
pressure. Hence the properties are taken from the saturation tables at the 
temperature of the compressed liquid When a liquid is cooled below its saturation 

temperature at a certain pressure it is said to be subcooted. The difference in 
saturation temperature and the actual liquid temperature is known as the degree 
of subcooling, or simply, subcool ing (Fig. 9.17). 


9.8 Charts of Thermodynamic Properties 


The presentation of properties of substances in the form of a chart has certain 
obvious advantages. The manner of variation of properties is clearly demonstrated 
in the cliart and there is no problem of interpolation* However, the precision is not 
as much as in steam tables. 

The temperature-entropy plot and enthalpy-entropy plot (Fig. 9,20a) are 
commonly used. The temperature-entropy plot shows the vapour dome and the 
lines of constant pressure, constant volume, constant enthalpy, constant quality, 
and constant superheat However, its scale is small and limited in use. The 
enthalpy-entropy plot or Mollier chart, has a larger scale to provide data suitable 
for many computations* It contains the same ilata as does the T-s chart. The 
Mollier chart for water is given in Appendix F.I. The Mollier diagram for steam 
with data taken from Keenan et al. Steam Tables (John Willey, N. Y., !969 is 
given in Fig* 9*21.) 







The state of a pure substance gets fixed if two independent properties are given. A 
pure substance is thus said to have two degrees of fieedom. Of all thermodynamic 
properties, it is easiest to measure the pressure and temperature of a substance* 
Therefore, whenever pressure and temperature are independent properties, it is 
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(a) Canstanl prtjperty lines on T-s phi 



Fig, 9,20 (h) C&nttaitt property lines On MoUiet iks^am 


the practice to measure them to determine that state of the substance. This is done 

in the compressed liquid region or the superheated vapour region (Fig. 9.22), 

where the measured values of pressure and temperature would fix up the state. 
But when the substance is in the saturation state or two-phase region (Fig. 9.22), 
the measured values of pressure and temperature could apply equally well to 
saturated liquid point/, saturated vapour point g, or to mixtures of any quality, 
points jc^, Xj or xy Of the two properties^ p and t, only one is independent; the 
other is a dependent property. If pressure is given, the saturation temperature gets 
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2600 


Entropy. kJ / kg K 


Fig* 9*21 MolHer diagram far stmm (Data taken from Keenan, J.H., F.G. Ktyes, 

PC. Hill and J.g. Moore, Steam Tables, John Wiley, N.Y., 7969) 


automatically fixed for the substance. In order to fix up the state of the mixture, 
apart from either pressure or temperature, one more property, such as specific 


Entitalpv. kJ/kg 
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Fig, 9,22 Quality of liquid-vapour mixturf 


volume, enthalpy or composition of the mixture (quality) is required to be known. 
Since it is relatively difficult to measure the specific volume of a mixture, devices 
such as calorimeters are used for determining the quality or the enthalpy of the 
mixture. 

In the measurement of quality, the object is always to bring the state of the 
substance from the two-phase region to the single-phase or superheated region, 
where both pressure and temperatm-e are independent, and measured to fix the 
state, either by adiabatic throttling or electric beating. 

In the throttling calorimeter^ a sample of wet steam of mass m and at pressure 
is taken from the steam main through a perforated sampling tube (Fig. 9.23). 
Then it is throttled by the partially-opened valve (or orifice) to a pressure p 2 , 
measured by mercury manometer, and temperature so that after throttling the 
steam is in the superheated region. The process is shown on the T—s and h-s 


Steam main 


Sampling tube 


CooU ng water in 


m 



Insulation 



Mercury 

manorrwtef 


C.W.out 


Condenser 



Condensate out 


Fig, 9,23 Throttling ealorimetn 
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Fig. 9.24 Throttling proetss m T-s and h-s pl&ts 


diagrams in Fig, 9.24. The steady flow energy equation gives the enthalpy after 
throttling as equal to enthalpy before throttling. The initial and final equilibrium 

states i and 2 are joined by a dotted line since throttling is irreversible (adiabatic 

but not isentropic) and the intermediate states are non-equilibrium states not 

describable by thermodynamic coordinates. The initial state (wcl) is given 
and JT] t and the final state by p 2 and (superheated). Now 

since Aj = 

^fpl 

^2 ~ I 

or ;C| =- — 

^fgpt 

With P 2 and t 2 being known, A^ can be found out from the supeiheated steam 
table. The values of hf and are taken from the saturated steam table 
corresponding to pressure py Therefore, the quality of the wet steam can be 

calculated. 

To be sure that steam after throttling is in the single-phase or superheated 

region, a minimum of 5*C superheat is desired. So if the pressure after throttling 
is given and the minimum 5®C superheat is prescribed, then there is the minimum 

quality of steam (or the maximum moisture content) at the given pressure p^ 

which can be measured by the throttling calorimeter. For example, ifp 2 ~ ^ 
then /2 ~ lOS^C and the state 2 after throttling gets fixed as shown in Fig, 9,25. 

From state 2, the constant enthalpy line intersects the constant pressure;?^ line at 
1. Therefore, the quality is the minimum quality that can be measured simply 
by throttling. If the quality is, say, less than then after throttling to P 2 ^ I 
atm,, the superheat after throttling is less than 5°C. If the quality is then 
throttling to 1 atm. does not give any superheat at all. 

When the steam is very wet and the pressure after throtling is not low enough 
to take the steam to the superheated region, then a combined sepafaring and 
throttling calorimeter is used for the measurement of quality. Steam from the 
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Critical point 


PS = 1 aim 


fa = 105^ 



fi = 100"C 
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Fig. 9.25 Minimum quality that can be measured only by throttling 


main is first passed through a separator (Fig. 9.26), where some part of the 
moisture separates out due to the sudden change in direction and falls by gravity, 
and the partially dry vapour i$ then throttled and taken to the superheated region. 
In Fig. 9.27, process 1-2 represents the moisture separation from the wet sample 
of steam at constant pressure/?^ and process 2—3 represents throttling to pressure 
P 2 * With p 2 and being measured, ^3 can be found out from the superheated 
steam table. 

Now, 





= Af 1 + jTjAf 1 



Stop valve 


TTirottllng valve TTierimometer 

Insulation 


Condensate (nij) 


^^apaiciuiiy 

steam main caiorimneter 


C.W. out 


Condenser 


Separated 

moisture (mi) 


Fig* 9.26 Separating and throttling caionmettr 


Therefore, X 2 i the quality of steam after partial moisture separation, can be 
evaluated. If m kg of steam is taken through the sampling tube in t secs, m| kg of 


l'rhcborr^'i-htlich 
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Fi ^4 9«27 Separating and throttlingprocesia on h-s plot 


it is separated, and m 2 kg is throttled and then condensed to water and collected, 
thenm and at state 2, the mass of dry vapour will Therefore, 

the quality of the sample of steam at state 1, is given by 

_ mass of dry vapour at state I 

X I “ - —— ^ 

mass of liquid-vapour mixture at state 1 

-^ 2^2 

m^ + m 2 

The quality of wet steam can also be measured by an electric caiorimeter 

(Fig. 9,28). The sample of steam is passed in steady flow through an electric 

heater, as shown. The electrical energy input Q should be sufficient to take the 

steam to the superheated region where pressure P 2 and temperature r 2 are 
measured. If / is the current flowing through the heater in amperes and V is the 
voltage across the coil, then at steady state Q= VI x 10 kW. If m is the mass of 
steam taken inf seconds under steady flow condition, then the steady flow energy 
equation for the heater (as control volume) gives 



Steam flofw 


Exhaust condensed and 
collected (m kg in f secs, say) 


Fig, 9,28 Electrical calorimeter 
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w, A, + 0 = IV, 



where is the steam flow rate in 





With h 2 t Q and Wj being known, can be computed* Now 

" Afi>i 

Hence can be evaluated* 



Example 9.1 Find the saturation temperature, the changes in specific volume 
and entropy during evaporation, and the latent heat of vaporization of steam at 
1 MPa. 


Solution 



/^i = 179,9rC 
= 0.001127 m^/kg 
Vg = 0.19444 m^/kg 

= 0.1933 m^/kg 

jf = 2J387kJ/kgK 

= 6*5865 kJ/kg K 
= jg 4*4478 kJ/kg K 
hf^ = - Af = 2015.3 kJ/kg 



Am. 

Am. 


Example 9.2 Saturated steam has an entropy of 6.76 kJ/kg K* What are its 
pressure, temperature, specific volume, and enthalpy? 


Solution In Table A. 1 (b), when = 6.76 kJ/kg K 

p = 0.6 MPa, /= 158.85^^0 

Og = 0,3156 m^/kg, and = 2756.8 kJ/kg Am. 


Example 9>3 Find the enthalpy and entropy of steam when the pressitre is 
2 MPa and the specific volume is 0.09 m^/kg. 


Soiution In Table A. 1 (b), when p = 2 MPa, = 0.001177 m^/kg and v 
0.09963 m^/kg. Since the given volume lies between Urand 





be a mixture of liquid and vapour, and the stale will be within the 
When in the two-phase region, the composition of the mixture or its 
be evaluated first. Now 



V=Vf-i-XVf^ 

0.09 = 0.001177 + Jc (0.09963 - 0.001177) 
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or 

At 


jc - 0.904 or 90.4% 

2 MPa, Af = 908.79 and Afg = 1890.7 kj/kg 


jf = 2*4474 and jfj 

A - Af+jcAfg 


3. 



kJ/kgK 


908.79 + 0.904 x 1890.7 = 2618.79 kJ/kg 


Ans. 


J = Jf + X j 



2.4474 4 0*904x3*8935 
5*9534 kJ/kg K 




Example 9,4 Find the enthalpy, entropy, and 
380°C* 



of steam at 1 *4 MPa, 


Solution AXp= L 




!• 


in Table A. 1(b), i 




195.07'^C* Therefore^ the state 


of steam must be in the superheated region. In Table A.2, for properties of 
superheated steam, 

at 1.4 MPa, 3 5 ox t> = 0.2003 m^/kg 

A = 3149.5 kJ/kg 

s = 7.1360kJ/kgK 

and at 1.4 MPa, 4(M)“C v = 0.2178 m^/kg 

h = 3257.5 kJ/kg 
s = 7.3026 U/kg K 



at 1.4 




C 


V = 0.2108 m*/kg 

A =3214.3 
s = 7.2360 kJ/kg K 



Ans 


Example 9.5 A vessel of volume 0.04 m^ contains a mixture of saturated water 
and saturated steam at a temperature of 250‘^C. The mass of the liquid present is 
9 kg* Find the pressure* the mass, the specific volume, the enthalpy, the entropy, 


and the internal energy. 


Solution 



Table A. 1(a), at 25 O^C 


Pmi = 3- 




V 

h 

s 


Volume of liquid, 


f 

f 

f 




1 


0.0012512 m"/kg, v, = 0.05013 m"/kg 


1085.36 kJ/kg, 


h 


& 


1716.2 



2.7927 kJ/kg K, 3.2802 U/kg K 


Vf - mf Vf 


9xO.(M)12512 


0.01126 m 


3 


Volume of vapour. 


V 


0*04 - 0*01126 
0.02874 m 


3 



V. 


m 






V 




0.02874 

0*05013 


0.575 





Total mass of mixture, 

m ^ + wig — 9 + 0.575 = 9.575 kg 

Quality ofmixture. 


Also, at 250*^C, 




fftf + /ttg 


0.575 

9.575 



= 0.0012512 + 0.06 (0.05013 - 0.0012512) 
= 0.00418 m?Ikg 

h = Af+xAfg 

= 1085.36 + 0.06 X 1716.2 


= 118832 kJ/kg 

S^Sf+ 

= 2.7927 + 0.06x3.2802 

- 2.9895 kJ/kg K 
u=h-pv 

- 1188.32 - 3.973 x 10^ x 0.00418 
=■ 1171.72 kJ/kg 

Uf = 108039 and - 1522,0 kJ/kg 

U = Uf+JCWi^g 




Am. 


Am. 


Am, 



39 + 0.06 X 1522 


1071.71 kJ/kg 


Am. 



Example 9.6 Steam inilially at 0.3 MPa, 250'’C is eooled at constant volume. 

is the 

quality at 80®C? What is the heat tmisferred per kg of steam in coolmg from 
250**C to 80*^0? 

At 03 MPa, = 133.55'^C 

Since t > the state would be in the superheated region (Fig. Ex. 9.6). From 
Tabic A. 2, for properties of superheated steam, at 0.3 MPa, 250*^C 

p = 0*7964 m^/kg 
k = 2967.6 kJ/kg 


Q. 

i 



Fig. Ex. 9.6 
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Vi =^3 = ^2 = 0.7964 m^/kg 



In Table A.l 

when 

when 


V 


0.8919, r 


M 


= 0-7706* t 


-M 


120^C 

125^C 


Therefore, when Vg = 0.7964, linear interpolation, would be 123.9**, 
Steam would become saturated vapour at ^ 123.9®C Ans. (a) 


At 80®C, i?f=0.001029 m^/kg, v^, = 3.407 nffkg^ 


3 


& 


h 


f 


334.91 kJ/kg, = 2308.B kJ/kg,/? 


ux 


47.39 kPa 


p, = Pj = 0.7964 m^/kg = Pno^ + *2«’f,g(ro 
= 0.001029 + x, (3.407 - 0.001029) 


* 

P I 


X 


z 


0.79539 

3.40597 


0.234 


Atis. (b) 


h 

h 


2 


2 


334.91 0.234 x 

2967.6 kJ/kg 



.8 = 875,9 kJ/kg 


From the 



dg = d«+pdi? 


or 


m) 

Q ]*2 


du 




2 


U 


I 



Pi 


I 


P\ ^l) 


{h2-hi) + v(p^-P2) 

875.9 - 2967.6) + 0.7964 (300 - 47.39) 




.7 4 ^ 


.2 



.5 



Ans. (c) 


Example 9,7 Steam initially at 1.5 MPa, 30O**C expands reversibly and 
adiabatically in a steam turbine to 40*^C. Detennine the ideal work output of the 
turbine per kg of steam. 

Solution The steady flow energy equation for the control 



, as shown in 


Fig, Ex. 9.7.1, gives (other e 



terms being neglected) 


h 


\ 




f¥ = h 


2 

J 


h 


2 



Fig 



9.7.1 







Work is done by steam at the expense of a fal in its enthalpy value. The process 
is reversible and adiabatic, so it is isentropic. The process is shown on the T-s 
and h-s diagrams in Fig, Ex. 9,7,2, 

From Table A, l'(a), at 4Q^C 

^ 73U kPa, 0,5725, and = 7.6845 kJ/kg K 

hf = 167,57, and = 2406.7 kJ/kg 

At ^ 1.5 MPa, / “ 300^C, from the tabulated propcilies of superheated steam 

(Table A.2) 

^1 = 6,9189 kJ/kgK 
= 3037.6 kJ/kg 



O) (b) 

Fig. E*. 9,7J2 


Since 


S2 


6 . 


jf + ^fg 40'*c 

0,5725 + X 7, 


^2 


^ = 0.826 
7.6845 

^f4(rc -^2 ^fgwe 

167.57 4-0,826 X 

2152.57 kJ/kg 


0,826 or 82.6% 


.7 


W = h 


h 


3037,6-2152,57 


885.03 kJ/kg 


Arts. 


Example 9. S Steam at 0.8 MPa, 2 50^C and flowing at the rate of 1 kg/s passes 
into a pipe carrying wet steam at 0,8 0.95 dry. After adiabatic mixing the 


flow rate is 2.3 kg/s. Determine the condition of steam after mixing. 

The mixture is now expanded in a frictionless nozzle isentropically to a 
pressure of 0.4 MPa, Determine the velocity of the steam leaving the nozzle. 
Neglect the velocity of steam in the pipeline. 

Solution ipigure Ex. 9,8,1 gives the flow dtagram. 

= wj - wi = 2,3 - 1,0 = 1.3 kg/s 
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Fig. £x. 9.8.1 


The energy equation for the adiabatic mixing of the two streams gives 

^2 ” ^3 ^3 (9,8,1) 

At 0.8 MPa, 250X, = 2950.0 kJ/kg 

At 0,8 MPa, 0.95 dry 

^2 ~ hf^ 

^ 721.11 + 0.95^2048.0 
= 2666.71 kJ/kg 

/. From Eq, (9.8.1) 

1 X 2950+ 1.3x2666.71 =2.3x Aj 
/^3=2790kJ/kg 

Since = 2769.1 kJ/kg 

and > /ig, the state must be in the superheated region. From the steam tables, 
when p = 0.8 MPa, t - 200'^C 

A = 2839.3 kJ/kg 

When p 

= 0.8 MPa, 170.43‘’C 
A =2769.1 kJ/kg 

By linear interpolation 

^ 3 = 179X 

Degree of superheat = 179 - 170.33 = 8.57“C 

Condition of steam after mixing = 0.8 MPa, 179®C 
The energy equation for the nozzle gives 

Aj = A^ + —^ 

’ 2 

since V 3 = - velocity of steam in the pipeline = 0 

Steam expands isentropically in the nozzle to 0.4 MPa. By interpolation, 

J 3 = 6.7087 kJ/kg 
6.7087 = 1.7766 + X 4 x 5.1193 

.^4 = 0.964 

A 4 = 604.74 + 0.964 x 2133.8 = 2660 kJ/kg 




I 



V5xir* = 2(A3-ft4) = 2x 130 = 260 

V 4 = ^ X 100 = 509.9 m/s Ans. 

The processes are shown on the k-s and T-s diagrams in Fig. Ex. 9.8.2. 

n 





Fig. Ex. 9.8.2 




Example 9.9 Steam flows in a pipeline at 1.5 



After expanding to 


0.1 MPa in a throttling calorimeter^ the temperature is found to be 120“C. Find 
the quality of steam in the pipeline. What is the maximum moisture at 1.5 MPa 
that can be determined with this set*up if at least 5^C of superheat is 
after throttling for accurate readings? 



■ 

a 


Solution At state 2 (Fig, Ex, 9,9), when = 0,1 MPa, / = 120®C by inter¬ 
polation 



Now 

or 


Whenp 


^2 = 2716,2 kJ/kg, and atp = 1.5 MPa 
hf - 844.89 and - 1947.3 kJ/kg 

hi =h2 


.5MPa ^ ,5MPi ^2 

3 = 2716.2 


844.89 + X| X 



X 


J 


IS7I,3 


0,963 



0,1 MPa and t 



.63 + 5- 104.63®C 





Properiitt ofPun Substanas 




hi = 2685.S kJ/kg 

2685.5 = 844.89+ JC 4 X 1947,3 



1840.6 
19473 


= 0.948 


The maximum moisture that can be determined with this set-up b only 5.2%. 

Ans, 


Example 9,10 The following data were obtained with a 
throttling calorimeter 
Pressure in pipeline 
Condition after throttling 




L5 

0.1 MPa, JIO^C 

During 5 min moisture collected in the separator 0.150 litre at 70®C 


Steam condensed after throttling during 5 min 
Find the quality of steam in the pipeline 

Solution As shown in Fig. Ex. 9.10, 


3.24 kg 



atO.l MPa, llO^^C 

Now 

or 2696.2 


= 2696.2 kJ/kg 

= ^2 = Af, 53 ^ + 1 /SMPb 

= 844.89 + X3X 1947.3 



Fig. Ex. 9.10 


1851.31 
1947.3 


= 0.955 


If Wj = mass of moisture collected in separator in 5 min and m 2 ~ mass of 
steam condensed after throttling in 5 min. 



jr2m2 

+ m 2 

0.001023 m^/kg 

150xl0~* 

1023xl0-*m’/kg 



then 

At 70^C, 
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m 


= 0.1462 kg 
2 = 3-24 kg 


X 


0.955 X 3.24 


3.1 


1 


0.1462 + 3,24 3.3862 


0.915 



Example 9*11 A steam boiler itiitially contains 5 m^ of steam and 5 of 
water at 1 MPa. Steam is taken out at constant pressure until 4 m^ of water is left. 
What is the heat transferred during the process? 

Solution At 1 MPa, 

Vf = 0.001127, and = 0.1944 m^/kg 

hg = 2778.1 kJ/kg 

Wf=761.68, w^ = 2583.6kJ/kg 
Wfg = 1822 kJ/kg 

The initial mass of saturated water and steam in the boiler (Fig. Ex. 9.11). 




5 


0.001127 


+ 


7;7^=(4.45xl0’ + 25.70)kg 




Initial 



Vi = 4m 



Rnal 



Fig. Ex, 9*11 


where suffix/refers to saturated water and suffix g refers to saturated vapour. 
Final mass of saturated water and steam 


4 


+ 


6 


3 


0.001127 0.1944 


(3.55 X 10" + 30.80)kg 


Mass of steam taken out of the boiler (mA 


3 


3 


(4.45 X 10" + 25.70) - (3.55 x 10" + 30.80) 


3 


= 0.90X JO"-5.1 = 894.9 kg 

Making an energy balance, we have: Initial energy stored in saturated water 

and steam + Heat transferred from the external source = Final energy stored in 

saturated water and steam + Energy leaving with the steam. 


or 


t/, + 2=C/f+m, Ag 


Urhcbeticdhtlich geschDtztes Malcrial 
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assuming that the steam taken out is dry (jt = 1) 

or 4,45 X 10^ X 76I.6S + 25.70 x 2583.6 + Q 

= 3,55 X 10^ X 761,68 + 30.8 x 2583.6 + 894.9 x 2778,1 
* or ^ = 894.9x2778,1 “(0.90 X 10^) x 761,68 + 5,1 X 2583,6 

= 2425000-685500+ 13176 

= 1752,676 kj= 1752.676 MJ Ans. 


Example 9,12 A 280 mm diameter oylitider fitted with a frictionless leakproof 
piston contains 0,02 kg of steam at a pressure of 0,6 MPa and a temperature of 
200^C, As the piston moves slowly outwards through a distance of305 mm, the 
steam undergoes a fully-resisted expansion during which the steam pressure p 
and the steam volume V are related bypy*^- constant, where w is a constant. The 
final pressure of the steam is 0,12 MPa. Etetermine (a) the value of n, (1>) the work 
done by the steam, and (c) the magnitude and sign ofheat transfer. 


Solution Since the path of expansion (Fig. Ex. 9.12) follows the equation 

pV^ = C 

p,yr=p2f^ 



Fig. Ex* 9*12 


Taking logarithms and arranging the terms 


log 


n 


Pi 

Pi 


log 


y 


1 


Now, at 0,7 MPa, 200^C, from Tables A.2 


V 

h 


3 


1 


1 


0,352 m /kg 
2850,1 kj/kg 


Total volume, at state 1 = 0,352 x 0,02 = 0,00704 m 


3 


Displaced volume 


.2 


4 


dtl 


r 
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5 

4 


X 



2 


X 




0.0133 m 


3 


Total volume V 2 after expansion = 0.0188 + 0.00704 


log 


n 


0.6 

0.12 


log 5 


log 


0.02584 

0.00704 


log 3.68 


1.24 


Work done by 



m 



expansion process 


W 


1-2 



pdF 


Vi 


Pi - P2 Vj 

n-l 


1 


6x 



5 


N/m* X 0. 



WL 


3 


Ux 



s 


124 ^ I 


4224-3100.8 
-N m 

0.24 

4680 N m =“ 4.68 kJ 


Now 


V 




0,02584 m 


3 


V 


2 


0.02584 

0.02 


1 .292 m^/kg 


Again 


V 


1 


V 


fD.L2MPB 


+ X 


2 ^fgO. 



or 


1292 = 0.0010476 +X 2 x 1.4271 




1291 

1.427 


0.906 


At 0.12 MPa, 




m 


3 


Arts, (a) 



3 


xO. 



m 


3 


Am. (b) 


Wf = 439.3 kJ/kg, = 25 12.0 kJ/kg 




2 


439.3 + 0.906(2512-439,3) 
23l4,3y/kg 


Again 


6 


1 



.1 



u 


1 


A, -p,», 


2850.1 


0.6 X 



6 


X 0,00704 X 10 


-3 


0,02 


2850.1 ^211.2 = 2638.9 kJ/kg 


By the ftrst law 


ei-2 = t/j -1/, + 

(ti2- «i) + f^i-2 

= 0.02(2314,3- 
= -6,484 + 4.68 



.5) + 4. 
L804kJ 



Am. (c) 


Example 9^13 A large insulated vessel is divided into two chambers» one 
containing 5 kg of dry saturated steam at 0.2 MPa and the other 



1 “ 

'r 


1 

1 

' 1 

-r - ' 

if --" 

■tl 

; n ■ iiU' 


— 

• 



'N 
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0 ,8 quality it 0 J MPa, If the partition between the chambers is removecl and the 

steam is mixed thoroughly and allowed to settle, find the final pressure, steam 
quality, and entropy change in the process, 

P 

Solution The vessel U divided into chambers, as shown in Fig, Ex. 9.13.1. 

At 0.2 MPa, 


V 




V 


3 


1 


V 


I 


tn^v^ 


0,8857 m"/kg 
= 5x0. 



4.4285 m 


3 


Partition 


/ / ^ /^ / / y 




y 





= 5 

jfi = 1.0 

p, = 0.2 



012 = 10 kg 

X 0.8 

P2 = O.S MPa 







Ffg. Ex. 9.13.1 


At 0,5 MPa, 


V 



= 0,001093 + 0,8x0.3749 
= 0,30101 m^/kg 
K 2 = in 2 t? 2 = 10x0,30101 = 3 
FL = 



Kj + Pi = 7, 



3 


Total mass of mixture* m 




+^*2 = 5 + 10 = 15 



* 

* m 



V 




By energy balance 


At 0.2 



At 0.5 MPa, 


h 

u 

h 


1 


u 


2 


k 


J 




7.4386 


m 




15 


0.496 m^/kg 


mj U] + m2 *^2 ^3 


= 2706,7 U/kg 


k 


1 


Pi^i 


2706.7 kJ/kg 


2 ” Af+ X2 Afj 



A 


5x 


m 


3 



640,23 + 0.8x2108.5 
2327.03 

^2 -P 2 ^2 = ^2 ” 2327,03 kJ/kg 



.7 + 10x2327.03 


m 


15 


*« 


Now for the mixture 


k 


3 


2453,6 kJ/kg 


li 


3 


2453,6 kJ/kg = ^3 



Basic and Appliid Thcrmedptam ia 


z ?3 = 0.496 m^/kg 

From the MoUier diagram* with the given values of h and y, point 3 after 
mixing is fixed (Fig. Ex* 9.13.2). 

jcj = 0*870 Ans. 

= 6.29 kJ/kg K 


Va = 0.496 m^/kg 



— 5 

Fig* Ex* 9*13*2 


pj - 3,5 bar Ans. 

'^4 “'^g0.2MPa ” 7*1271 kJ/kg K 

- L8607 + 0.8 X 4*9606 = 5*8292 kJ/kg K 


Entropy change during the process 

= m^s^-{mi Si^m2S2) 


= 15x6*298-{5x7,1271 + 10x5*8292) 

= 0*43kJ/kg Ans. 

Example 9.14 Steam generated at a pressure of 6 MPa and a temperature of 
400^*0 is supplied to a turbine via a throttle valve which reduces the pressure to 
5 MPa. Expansion in the turbine is adiabatic to a pressure of 0.2 MPa* the 
isentropic efficiency (actual enthalpy drop^isentropic enthalpy drop) being 82%. 


The surroundings arc at 0*1 MPa* 20*^C* Etetermine the availability of steam 
before and after the throttle valve and at the turbine exhaust* and calculate the 
specific work ou^ut from the turbine* The K.E* and P.E. changes are negligible. 
Sointiorj Steady flow availability ^ is given by 


= (A - A*) - r»(s - Jo) + 1V? + g(Z - Zp) 

where subscript 0 refers to the surroundings. Since the K*E. and P.E. changes are 

negligible 

= Availability of steam before throttling 

= (Aj — Aq) — r^.S] — 


r 


rr- nhtli h ^ i cliu^ 




Properties of Pu re Subsla nets 



At 6 MPa, m^C (Fig. Ex. 9.14) 

Ai -3177.2 U/kg 
jj = 6.5408 kJ/kg K 


6 MPa, 4m"C 



0.2 MPa 


€MPa 



ib) 

Fig, Ex, 9,14 


At 20X 

= 83,96 kJ/kg 

- 0.2966 kJ/kg K 

= (3177.2 - 83.96) - 293 (6.5408 -- 0,2966) 
= 3093.24 ~ 1829.54 = 1263.7 kJ/kg 

Now for throttling 

Ath = 3177,2 kJ/kg and p = 5 MPa, from the superheated steam table 

t2 - 390X 1 

.?2 = 6.63 kJ/kg K j by linear interpolation 
^2 ” Availability of steam after throttling 

- (/12 - Aq) 7 o (^2 ^ ■’*0) 

= (3177,2 - 83.96) - 293 (6.63 - 0,2966) 

= 3093,24- 1855.69 


= 1237.55 kJ/kg 

Decrease in availability due to throttling 


Now 


4 4 


= 1263,7 - 1237,55 = 26.15 kJ/kg 




X 


3s 


5j,-6.63= L530I +X 3, (7.1271 - 1,5301) 


5,10 


5.5970 


0,9112 


/X3, = 504,7 + 0.9112 X 2201.9 = 2511.07 kJ/kg 
= 3177.2-2511,07 ^666,13 kJfkg 
h ^ ^ K) = 0 X 666.13 = 546,2 kJ/kg 



Urhcbptrechtlich Qeschuiztes Mate 
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h 


2631 kJ/kg- 504.7 


.7 




2t26.3 

2201.7 

1.5301 


0.966 


+ 


X 5.597 = 6 




=■ Availability of steam at turbine exhaust 


Ad) 


o(J: 


Sq) 


(2631 - 83.96) - 293 (6.9368 - 0 
2547.04 -1945.58 



= 601.46 kJ/kg 

Specific work output from the turbine 


h 


h 


3177.2-2631 =546.2 


The work done is less than the loss of availability of steam between states 2 
and 3, because of the irreversibility accounted for by the bentropk efficimcy. 


Example 9. 


IS A sieam turbine receives 600 kg/h of steam at 25 bar, 350®C 


At a certain stage of the turbine, steam at the rate of 150 kg/h is extracted at 3 bar, 
200®C. The remaining steam leaves the turbine at 0.2 bar, 0.92 dry. During the 
expansion process, there is heat transfer from the turbine to the surroundings at 
the rate of 10 kJ/s. Evaluate per kg of steam entering the turbine (a) the 
availability of steam entering and leaving the turbine, fb) the maximum work, 

and (c) the irreversibility. The atmo sphere is at BO'^C. 

Solution At 25 bar, 350®C 


h 


At 30®C, 


h 


3125.87 kJ/kg 
6.8481 kJ/kg K 
125.79 kJ/kg 


s 


fKTC 


0.4369 kJ/kg K 


At 3 bar, 


C 


h 


At 0.2 bar fO.92 dry) h 


h 


U 


.5 


7.3115 kJ/kgK 

251 A kJ/kg 

- 2358.3 kJ/kg 
0.8320 kJ/kg K 




7. 


K 


h 


251.4 4 0.92 X 2358.3 = 2421.04 kJ/kg 
0.8320 + 0.92 X 7.0765 - 7,3424 kJ/kg K 


The states of steam are shown in Fig. Ex. 9.15. 


+ 




{hi - Ao) - Tfi (j 




(3125.87- 125.79)-303 (6.8481 -0.4369) 
3000.08 - 1942.60 = 1057.48 kJ/kg 


Ans. 


Availability of steam leaving the turbine at state 2, 




(A 


Ad) - 


*o) 


^ J 


ib 




I 
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m 


mt = 

Pi = 


600kg/h 

25 bar, = 350*0 


0 = 10 kW 


1 kg 




/ 




j . 




w 


L 




i 




L 


= 150 kg/h 
P 2 = 3bar 
^2 = 200*0 


V 


T 7 


t 





t 

75 kg 


m3 = 

Pj = 


450 kg/h 
0.2 bar 


xj = 0.92 


0.25 kg 


Fig 



9A5 


(2865.5 ^ 125.79) - 303 (7.3115 - 0.4369) 
2739.71 - 2083.00 = 656.71 kJ/kg 


Availability of steam leaving the turbine at state 3, 


H' 


3 



3 - *o) - ^0 - ^o) = (2421.04 - 125.79) - 303 (7.3524 - 0.4369) 

199.85 y/kg 


(b) Maximum work per kg of steam entering the turbine 


W. 


rtv 




fTl2 


I 


m 




m 


3 


I 


2 




m 


3 


1057.48 - 0.25 x 656.71 - 0.75 x 199. 



i 


= 743.41 y/kg 

(c) Irrcversib ility 




I^TQ{W2S2■^W2S2-W^ J,) 


Q 


303 (150x7.3115+ 450x7.3424-600x6.8481)-(-10x3600) 
303 {1096.73 + 3304.08-4108.86) = 36000 


124,460.85 y/h 


124.461 Mi/h 


124.461 X 103 

600 


207.44 y/kg 


Ans. 


Example 9# 16 Determine the e?tergy of (a) 3 kg of water at 1 bar and 90^C, 

(b) 0.2 kg of steam at 4 MPa, 500°C and (c) 0.4 kg of wet steam at 0.1 bar and 
0.85 quality, (d) 3 kg of ice at 1 bar - 10®C. Assume a dead state of 1 bar and 300 
K. 

Solution At the dead state of 1 bar, 300 K, 


u 


V 


Exergy of the system: 


0 

0 


113.1 y/kg, 113.2 y/kg fC. 

0,001005 m^/kg, == 0,395 y/kg 


0 = m[{u + pfp -Tqs)- (uq + - Tq jp)l 


Now, 


“o + Po^Q 


^Q-^O 


h 


0 


^0-^0 


113.2-300x0.395 
- 5.3 kJ/kg 


l' 'iG'b- rrf 


1 

• 1 

1 1 

Mil 

1 ' 

. 1 

j 

• 

i 

• • ^ 



Hateris 


























(a) For water at 1 bar, 90°C 

tt = 376.9 fcJ/kg, h = 377 kJ/kg, v = 0,001035 m’/kg 
j- 1.193 kJ/kgIC. 

Since p = Pq, 

u + PqV - TqS = u + pv - = h - TqS 

= 377-300 X 1.195 
= 19J kJ/kg 

Hence. = 3[19J - {- 53)] = 3 x 24.4 

= 73.2kJ Arts, 

(b) At/? = 4MPa,r=500^C 

1 / = 3099.8, h = 3446.3 kJ/kg, v = 0.08637 ni’/kg 

j = 7.090 fcJ/kgK 

u+PoV-Tf^ = 3099.8 + 100 x 0.08637 - 300 x 7.090 

= 981.4 kJ/kg 

I? = 0.2 [981.4 - C- 5.3)] = 197.34 kJ Ans. 

(c) At 0.1 bar, 0.85 quality, 

w = 192 + 0.85 X 2245 = 2100.25 kJ/kg 
A - 192 + 0.85 X 2392 = 2225.2 kJ/kg 
j = 0.649 + 0.85 X 7.499 = 7.023 kJ/kg K 

V = 0.001010 + 0.85 X 14.67 = 12.47 m^/kg 
u+pov- r»v = 2100.25 + 100 X 12.47 ~ 300 x 7.023 

= 1240.4 kJ/kg 

^> = 0.4[1240,4 - {- 5,3)] = 498.3 kJ Ans. 

(d) Since p = p^, 

' ^ = t/- t/o + Pn( - f'o) - ro(S - So) 

= m[ih - Ap) - Tp - Jp)] 

At 100 kPa, - 10°C, 

k = - 354.1 kJ/kg and i = - 1.298 kJ/kg K 
^ = 3[- 354.1 - 113.2 - 300 (- 1.298 - 0.0395)] 

” 81.2 kJ. Ans. 


Exaznp] e 9.17 A flow of hot water at 90°C Is used to heat re lat ively cold water 
at 25"C to a temperature of 50®C ttva heat exchanger. The cold water flows at the 
rate of 1 kg/s. When the heat exchanger is operated in the parallel mode, the exit 
temperature of the hot w'ater strean; must not be less than 60^C. In the counterflow 
operation, the exit temperature of hot water can be as low as 35“C. Compare the 
second law efficiency and the rate of exergy destruction in the two modes of 


operation. Take 7^ = 300 K. 

Solution Given: = 9{)“C, 4 , = 25“C, 


\ 


60°C, 


m 


1 kg/s, To = 300 K. 
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The two modes of operation of (a) parallel flow and (b) counter flow are shown 
in Fig. Ex* 9*17* 





t 


^7 




Fig* Ex, BA7 

In parallel flow mode (a), = 60X* Neglecting any heat loss, 




rh. (90-60)^ 1(50-25) 


^ci) 


nt 


h 


0.833 kg/s 


In counterflow mode, 




^^(90-35)- 1(50-25) 


m 


h 


25 

55 


0.454 kg/s 


Thus, the counterflow arrangement uses significantly less hot water. 
Assuming that the hot w^ater stream on exit from the heat exchanger is simply 
dumped into the drain, the cxcrgy flow rate of the hot water stream at entry is 
considered as the exergy input rate to the process. 




m J( h 


I 






! 


^o)] 


At 300 K or 27“C, = 113*2 kJ/kg and .s’o = 0.395 kJ/kg K 

At 90X, A, = 376*92 U/kg, jfi = 1*1925 kJ/kgK 


= 0.833 [(376.92 


113. 



300(1.1925-0*395)] 


0.833 (263.72 - 239,25) - 20.38 kW 


Parallel flow: 

At60“C, 

At25^C, 

At 50 T, 

Rate of exergy gain: 


/i2 = 251.13 kJ/kg, S2 = 0.8312 kJ/kg K 


h 

h 


3 

4 


104.89 kJ/kg, = 0*3674 kJ/kg K 

209.33 kJ/kg, = 0.7038 kJ/kg K 


rtj 


c 



4 






4 “ 



— '-I’l L 

C If* -rUIK-r- _. -ii ‘ 
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0933-104.89) 
44-100.92 = 3.52 kW 


.7038 ^ 0.3674)] 


(%), 


3.52 


20.38 


0.172 or 17.2% 


Rate of exergy loss by hot water 


^ h[(^i ” ^2) ” ^ 


Ji)] 


0.833 [(376.92 - 251.13) - 300(1.1925-0.8312)1 


0.833 (125.79 


39) = 14.494 kW 


Rate 


or exergy 


494 - 332-10.974 


If the hot water stream is not dumped to the drain 


^11. p 


3.52 


14.494 


0,243 or 24.3% 


Am 


At 35®C, 


h 


kjykg, = 0.5053 U/kgK 


Rate of exergy gain of cold water - [(A4 -- h^) - Tq(s 


J3)] - 3.52 kW 


(same as in parallel flow) 

Rate of exergy input (if exiting hot water is dumped to the stirrotmdmgs) 


0.454 (263,72-239.25)= 11.11 kW 




3.52 

11 . 1 ) 


0 . 


Rale of exergy loss of hot water 


m 


^2) “ 


^2)) 


0,454 [(376.92 - 146.68) - 300(1.1925 -0.5053)] 
0.454 (230.24-206.16)= 10.94 kW 




3.52 

10.94 


0.3217 or 32.17% 


Am. 


Rate of irreversibility or exergy destruction: 

= 10.94-3.52 = 7.42 kW J#fj. 

The second law efficiency for the coimterflow arrangement is aignificantty 
higher and the rate of irreversibility is substantialty lower compared to the 


Example 9.18 A small geothermal well in a remote desert area produces 
50 kg/h of saturated steam vapour at 150®C. The environment temperature is 
45X. This geothermal steam will be suitably used to produce cooling for homes 
at 23 “"C. The steam will emerge from this system as saturated liquid at 1 atm. 

Estimate the maximum cooling rate that could be provided by such a system. 


IT- “htli- i 
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Solution The energy balance of the control volume as shown in Fig. Ex. 9 



gives; 


2 t wAj = Qf^^wk 


2 


The entropy balance is; 




S 


gen 



r, 


+ WS2 





T 


+ WJi 


where T is the temperature maintained in the homes. 


wh 


X 



r = 296K 


1 


T 


Geothermal 

steam 



= 2ieK 



s 


(a) 


(b) 


Fig. Ex. 9.18 


Solving for 0, 


I 

Q 



Vl ) ~ ~ V 2 )] ~ ^O^gen 


By second law, 5^^,, >0. 

Therefore, for a given discharge state 2, the maximum Q would be 


Q 


w 



h) 


State- / : 


T 


t 


(r/D-i 

I50‘»C = 423 K, 




h I = 2746.4 

= 6.8387 



s 





K 


State-2 


T 


1 


1O0"C = 373 K, saturated 



h 


2 


419.0 kJ/kg 


S 2 = 1J071 kJ/kg K 


r. 




318K, 


61 = Aj - = 2746.4 ^ 318 k 6.8387 

- 571.7 kJ/kg 

62 = Aj - ToJ^ = 419.0 - 318 X 1J071 = 3.3 kJ/kg 


■ 

Q 


max 


50 X (571.7-3.3) 
(318/296)-! 


3.82 X 10 ^ kJ/h 


106 kW 


Jrheberrechtlich c: 


nh Ans 


, So, since 
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Review Questions 


9.1 


What is a pure substance? 


9.2 What arc saturation states? 

9.3 What do you understand by triple point? 

Give the pressure'and temperature of water at its triple poinL 

9.4 What is the critical state? Explain the terms critical pressure, critical temperature 

and critical volume of water? 

9.5 What is normal boiling point. 

9.6 Draw the phase equilibrium diagram on p~v coordinates for a substance which 

shrinks in volume on melting and then for a substance which expands In volume 
on melting, Indicate thereon the relevant constant property lines. 

9.7 Draw the phase equilibrium diagram for a pure substance on p-T coordinates. 

Why does the fusion line for water have negative slope? 

9.8 Draw the phase equilibrium diagram for a pure substance on T-s plot with 

relevant constant property lines. 

9.9 Draw the phase equilibrium diagram for a pure substance on plot with 

relevant constant property lines. 

9.10 Why do the isobars on Mollier diagram diverge from one another? 

9.11 Why do isotherms on Mollier diagram become horizontal in the superheated 

region at low pressures? 

9.12 Wh at do you understand by the degree of supe rheat and the degree of subcool ing? 

9.13 What is quality of steam? What are the different methods of measurement of 

quality? 

9.14 Why cannot a throttling calorimeter measure the quality if the steam is very wet? 

How' is the quality measured then? 

9.15 What is the principle of operation of an electrical calorimeter? 


Problems 


9.1 Complete the following table of properties for 1 kg of water [liquid, vapour 


or mixture)* 



P 

(hut) 

i 

CQ 

V 

X 

<%) 

Super¬ 
heat rc) 

h 

(kJ/kg) 

(kJ/kg K) 

(a) 


35 

25*22 


— 

— 

— 

(b) 


— 

0.001044 


— 

419.04 


(c) 

— 

212.42 

— 

90 




(d) 

1 


— 

—■ 

— 

— 

6.104 

Ce) 

10 

320 

— 

- ^ 

— 


— 

(f> 

5 


0.4646 





(g) 

4 

— 

0.4400 

— 


— 


(h) 

— 

500 

— 

— 

— 

3445.3 

— 

(i) 

20 



— 

50 

— 

“ 


15 



— 

— 

— 

7.2690 


UI '^ebet I cc htl ich QC3C h utztes M ateria! 
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9.2 (a) A rigid vessel of volume D.86 conUiins 1 kg of steam at a pressure of 

2 bar. Evaluate the specific volume, tempcratirre, dryness fraction, internal 
energy, enthalpy, and entropy of steam. 

(b) The steam Is heated to raise its temperature to 15D^C. Show the process on a 
sketch of the p-v diagram, and evaluate the pressure, increase in enthalpy, 
increase in internal energy, increase in entropy of steam, and the heat 
transfer. Evaluate also the pressure at which the steam becomes dry 


saturated. 


3 


Ans. (a) 0.86 tn"/kg, 120.23X, 0.97, 2468.54 U/kg, 

2640.54 kJ/kg, 6.9592 kJ/kg K 
(b) 2.3 bar, 126 kJ^kg, 106.6 kJ/kg, 0,2598 kJ/kg K, 106.6 kJ/K 

9.3 Tcn kg of water at 45 i s heated at a constant pressure of 10 bar unti 1 it becomes 

superheated vapour at 300“C. Find the changes in volume, enthalpy, internal 


energy and entropy. 


3 


Arts. 2.569 m^ 2S627.5 kJ, 26047.6 kJ, 64.842 kJ/K 
9.4 Wafer at 4(rC is continuously sprayed into a pipeline carrying 5 tonnes of steam 


at 5 



, 300“C per hour. At a section downstream where the pressure is 3 bar. 


the quality is to be 95%. Find the rate of water spray in kg/h. 

Arts. 912.67 kg/h 

9.5 A rigid vessel contains I kg of a mixture of saturated water and saturated steam 
at a pressure of 0.15 MPa. When the mixture is heated, the state passes ihrou 

the critical point. Detennine (a) the volume of vessel (b) the mass of liquid and 

of vapour in the vessel initial ly> (c) the temperatuTc of the mixture when 
pressure has risen to 3 MPa, and (d) the heat transfer required to produce the final 




Slate (c). 


3 


Arts, (a) 0.003155 n^ fb) 0.9982 kg, 0.0018 kg. 


(c) 233.9^, (d) 581.46 kJfkg 

9.6 A rigid closed tank of volume 3 contains 5 kg of wet steam at a pressure of 

200 kPa. The tank is heated until the steam becomes dry saturated. Determine the 


3 


final pressure and the heat transfer to the tank. 

Arts. 304 fcPa, 3346 kJ 

9.7 Steam flows through a small turbine at the rate of 5000 kg/h entering at 15 bar, 
300^0 and leaving at 0.1 bar with 4% moisture. The steam enters at SO nVs at a 
point 3 m above the discharge and leaves at 40 m/s. Compute the sha^ power 

assuming that the device is adiabatic but considering kinetic and potential energy 

changes. How much error would be made if these terms were neglected? 
Calculate the diameters of the inlet and discharge tubes. 

Ans. 765.6 kW, 0.44%, 6.11 cm, 78.9 cm 

9.8 A sample of steam from a boiler dnuti at 3 MPa is put through a throttling 
calorimeter in which the pressure and temperature are found to be 0.1 MPa, 
I20^C. Find Ihe quality of the sample taken from the boiler. 

Ans. 0.951 

9.9 It is desired to measure the quality of wet steam at 0.5 MPa. The quality of steam 

is expected to be not more than 0.9. 

(a) Explain why a throttling calorimeter to atmospheric pressure will not serve 


the purpose, 

(b) Will theuseafaseparating calorimeter. 



of the thnottlLDg calorimeter, 


serve the purpose, if at best 5 C degree of superheat is desirable at the end of 
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9, 



9A2 


9.13 


throttling? What is the minimum dryness fraction required at the exit of the 

separating caLoritneter to satisfy this condition? 



in an experiment 



a 





.20 kg 


Pressure in the steam main ^15 bar 
Mass of water drained from the separator —0.55 
Mass of steam condensed after passing through the throttle valve 

Pressure and temperature after throttling —1 bar* 120®C 

Evaluate the dryness fraction of the steam in the main* and state with reasons, 

whether the throttling calorimeter alone could have been used for this test, 

Ans. 0*85 

9* 11 Steam from an engine exhaust at t .25 bar flows steadily through an electrle 

calorimeter and comes out at 1 bar* 130'^C, The calorimeter has two I kW heaters 
and the flow is measured to be 3.4 kg m 5 mb. Find the quality b the engine 
exhaust. For the same mass flow and pressures* what is the maximum moisture 
that can be determined if the outlet temperature is at least 10S°C? 

Ans. 0.944* 0.921 

250"C to 10 k Pa, The 




steam flow' rate is I 



1 



steam at the exit 



and the exit area of the nozzle. Neglect the velocity of steam at the inlet to 
nozzle. 

The exhaust steam from the nozzle flows mto a condenser and flows out as 

saturated water. The cooling water enters the condenser at 25 °C 
3 5'^C. Determine the mass flow rate of cooling water. 

Ans. 1224 m/s, O.OIOI m^* 47.81 kg/s 

200^C* and 





ends with p 2 ^ I bar- The exponent n has the value 1.15, Find the 
volume* the final temperature* and the beat transferred per kg of fluid. 



9.14 Two streams of steam* one at 2 MPa, 300®C an d the odier at 2 MPa* 400®C* mix 

b a steady flow adiabatic process. The rat^ of flow of the two streams aie 
3 kg/min and 2 kg/min respectively. Evaluate the final temperature of the 
emergbg stream* if there is no pressure drop due to the mixbg process. What 

would be the rate of ba^easa m the entropy of the universe? This stream with a 

negligible velocity now expands adiabati cal Ly in a nozzle to a pressure of 1 kPa, 


Determ ine the exit velocity of the j 



exit area 



2 




Ans. 340'^C* 0,042 kJ/K min* 1530 m/s* 53.77 cm 

9.15 B oi ler steam at 8 bar* 250®C* reaches the engine control valve through a pipelmc 

at 7 bar, 20O°C. It is throttled to 5 bar before expanding b the engine to 0.1 

0.9 dry. Determine per kg of steam (a) the heat loss in the pi 
temperature drop in passing through the throttle valve* (c) the work output of i 
engine* (d> the entropy change due to throttling and (e) the entropy change ta 
passing through the engbe. 

Ans. <a) IOS.3 kJ/kg* <b) 5X* (c) 499.35 k//kg* 

(d) 0.1433 kJ/kg K, (e) 0.3657 kJ/kg 

9.16 Tank A (Fig. P 9.16) has a volume of Q. 1 and contains steam at ZOO^C* 




liquid and 90% vapour by volume, while tank B is evacuated. The valve is then 

opened, and the tanks eventually come to the same pressure* which is found to be 
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Fig. F 9,16 


4 bar. Dunng this process, heat ls transferred such that the steam remains at 

200®C, What is ihc volume of tank S? 

Ans. 4.89 


9.17 Cal culate the amount of heat which cniere or leaves 1 kg of sh 

0.5 MPa and 250^C, when it undergoes the following processes: 


initially at 


(a) It is confmed by a piston tn a cylinder and is compressed to I MPa and 

300^ as the piston docs 200 kJ of work on the steam. 

(b) It passes in steady How throu^ a device and leaves at i MPa and 3D0^C 


while, per kg of steam flowing through 
Changes in ICE. and P.E. are negligible. 


Jt, a shaft puts in 


kJ of work 


(c) It flows into an evacuated rigid container from a large source which is 

maintained at the initial condition of the steam. Then 200 kJ of shaft work is 


transferred to the steam, so that its final condition is L MPa and 300X. 

Ans. (a) - iBOkJ (b) - 109 fcl, and (c) - 367 kJ 

9,18 A sample of wet steam from a steam main flows steadily through a partialty open 

valve into a pipeline in which is fitted an electric coil. The valve and the pipeline 
are well insulated. The steam mass flow rates 0.008 kg/s while the coil takes 

3.91 amperes at 230 volts. The main pressure is 4 bar, and die pressure and 

temperature of the steam down stream of the coil are 2 bar and 160'’C respec¬ 
tively, Steam velocities may be assumed to be negligible.. 

(a) Evaluate the quality of steam in the main. 

(b) State, with reasons, whether an insulated throttling calorimeter could be 
used for this test. 


Ans. (a) 0.97, (b) not suitable 

9.19 Two insulated tanks, A and B, are connected by a valve. Tank A has a volume of 

0.70 in^ and contains steam at 1.5 bar, 20IFC. Tank B has a volume of 0.35 


and contains steam at 6 bar with a quality of 90%, The valve is then opened, and 

the two tanks come to a uniform state. If there is no heat transfer during the 
process, what is the final pressure? Compute the entropy change of the universe, 

322.6 kPa, 0,I9S5kJ/K 

9.20 A spherical aluminium vessel has an inside diameter of 0.3 m and a 0.62 cm 

thick wall. The vessel contains water at 2S°C with a mmlitv of 1%. The vessel is 


thick wall. The vessel contains water at 2S°C with a quality of 1%. The vessel is 
then heated until the water inside is saturated vapour. Considering the vessel and 

water together as a system, calculate the heat transfer during this process. The 
density of aluminium is 2.7 g/cm^^ and its specific heat is 0,896 kJ/kg K, 

Ans, 2682.82 kJ 


9.21 Steam at 10 bar, 250°C flowing with negligible velocity at the rate of 3 kg/min 

mixes adiabatically with steam at 10 Bar, 0.75 quality, flowing also with 

negligible velocity at the rate of 5 kg/min. The combined stream of steam is 
throttled to 5 bar and then expanded isentropically in a nozzle to 2 bar. Determine 
(a) the stale of steam after mixing, (b) the steam after throttling, (c) the increase 
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in entropy due to throttling, (d) the velocity of steam at the exit from the nozzle, 

and (e) the exit area of the nozzlon Neglect the K.E. of steam at the inlet to the 
nozzle. 

Ans. (a) 10 bar, 0*975 dry, (b) 5 bar, 0.S94 dr}', 

(c) 0.2669 kJ/kg K, (d) 540 m/s, (e) 1.864 cm^ 
9.22 Steam of 65 bar, 400®C leaves the boiler to enter a steam turbine fitted with a 

throttle governor. At a reduced toad, as the governor takes action, the pressure of 
steam is reduced to 59 bar by throttling before it is admitted to the turbine* 
Evaluate the availabilities of steam before and after the throttling process and the 

irre versJ biJ ity due toil. 

9*23 A mass of wet steam at temperature 165°C is expanded at constant quali ty 0.8 to 

pressure 3 bar. It is then heated at constant pressure to a degree of superheat of 
66.5^C. Find the enthalpy and entropy changes during expansion and during 
heating. Draw the T-s and k-^ diagrams* 

Ans. - 59 kJ/kg, 0*163 kJ/kg K during expansion and 676 fcJ/kg* 

I *5SS kJ/kg K during heating 

9.24 Steam enters a turbine at a pressure of 100 bar and a temperature of400*C. At 

the exit of the turbine the pressure is 1 bar and the entropy is 0.6 J/g K greater 
than that at inlet. The process is adiabatic and changes in KE and PE may be 

neglected. Find the work done by the steam in J/g, What is the mass flow rate of 
steam required to produce a power output of I kW? 

Ans. 625 J/g, 1.6 kg/s 

9.25 One kg of steam in a closed system undergoes a thermodynamic cycle composed 

the following reversible processes: (1-2) The steam initially at 10 bar, 40% 
quality is heated at constant volume until the pressure rises to 35 bar; (2-3)* It is 
then expanded isothermatly to tO bar, (3—1) It is finally cooled at constant 
pressure back to its initial state. Sketch the cycle on T-s coordinates, and 
calculate the work done, the heat transferred, and the change of entropy for each 
of the three processes. What is the thermal efficiency of the cycle? 

Ans. 0; 1364 kJ; 2.781 kJ/K, 367.5 fcJ; 404.6 kj; 0*639 kJ/K; 

- 209,1 kJ; - 1611 kJ; - 3.419 y/K 8.93% 

9.26 Determine the cxergy per unit mass for the steady flow of each of the following: 

(a) steam at 1.5 MPa, 5 OO^C 

(b) airatl.5MPa,500'’C 

(c) water at 4 MPa, 300 K 

(d) air at 4 MPa. 300 K* 

(e) airat 1.5 MPa, 300K 

Ans. (a) 1220 kJ/kg, (b) 424 kJ/kg, (c) 3.85 kJ/kg; 

(d) 316 y/kg, (e) 232 kJfkg 

9*27 A liquid (cp = 6 kJ/kg K) is heated at an approximately constant pressure from 

298 K to 90®C by passing it through tubes immersed in a fumace. The mass flow 
rate is 0.2 kg/s. £>etermlne (a) the heating load inkW, (b) theexergy ptoductiou 

rate in k W corresponding to the temperature rise of the flui d* 

Ans. (a) 78 kW, (b) 7.44 kW 
9.28 A flow of hot water at 80*C is used to heat cold water from 2t)“C to 45 “C in a 

heat exchanger. The cold water flows at the rate of 2 kg/s. When operated in 

parallel mode, the exit temperature of hot vtater stream cannot be less than 55"C, 
while in the counterflow mode, it can be as low as 30‘^C* Assuming the 
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surroundings are at 3 DO K, compare the second Law efficiencies for the two inodes 
of operatioiL 

9*29 Water at 90*^ is flowing in a pipe* The pressure of the water is 3 bar, the mass 

flow rate is 10 kg/s* the velocity is 0.5 m/s and the elevation of the pipe is 200 m 
above the exit plane of the pipeline (ground level)* Compute (a) the thermal 
exergy flux, (b) the pressure exergy flux, (c) the exergy flux from KE, (d) the 
excrgy fiux from PE, (e) total exergy flux of tl^ stream. 

Ans. (a) 260 IcW, (b) 2.07 kW, (c) 1.25 x 10‘^ kW, 

(d) 19.6 kW.(e) 282 kW 

9.30 A cylinder fitted with a piston contains 2 kg steam at 500 kPa, 400"C, Find the 

entropy change and the work done when the steam expands to a final pressure of 

200 kPa in each of the following ways: (a) adiabatically and reversibly, 
(b) adiabatically and irreversibly to an equilibrium tempereture of 300°C* 

Ans. (a) 0> 386.7 kJ. (b) 0J976 kJ/K, 309.4 kJ 

9.31 Steam expands i senUop ical ty in a nozzle from t MPa, 250°C to 10 kPa. The 

steam flow rate is 1 tg/s. Neglecting the ICE of steam at inlet to the nozzle, find 

the velocity of steam at exit the nozzle and the exit area of the nozzle. 

Atts. 1223 m/s, lOO cm^ 

9*32 Hot helium gas at 800°C is supplied to a steam generator and is cooled to 450^C 

while serv'ing as a heat source for the generation of stearcL Water enters the steam 


generator at 200 bar, 25 0°C and leaves as superheated steam at 



bar, 500“C, 


The temperature of the surroundings is 27°C* For I kg heliuro, determine (a) the 
maximum work that could be produced by the heat removed from helium, (b) the 
mass of steam generated per kg of helium, (c) the actual work done in the steam 
cycle per kg of helium, (d) the net change for entropy of the universe, and (e) the 

irreversibility. Take the average for helium as 5.1926 kJ/kg K and the 

properties of water at inlet to the steam generator as those of saturated water at 

25(rC* 

Ans. (a) 1202*4 kJ/kg He. (b) 0*844 kg HjO/kg He (c) 969.9 Id/kg He, 

(d) 0.775 kJ/<kg He-K), (e) 232.5 kJ/kg He 



10.1 Avogadro's Law 


A mole of a substance has a mass numerically equal to the molecular weight of 
the substance. 

One g mol of oxygen has a mass of 32 g^ 1 kgmol of oxygen has a mass of 

32 kg, I kgmol of nitrogen has a mass of 28 kg, and so on* 

Avogadro's taw states that the volume of a g mol of all gases at the pressure of 

760 mm Hg and temperature of 0°C is the same, and is equal to 22*4 litres. 

Therefore, 1 g mol of a gas has a volume of 22*4 x 10^ cm^ and 1 kgmole of a gas 
has a volume of 22,4 at normal temperature and pressure (N.T.P,), 

For a certain gas, if m is its mass in kg, and ^ its molecular weight, then the 
number of kg moles of the gas, /i, would be given by 


n 


m kg 




Itg 


kgmol 


m 


kgmoles 


The molar volume, o, is given by 


V 


V 


n 




m /kg mol 


where Vh the total volume of the gas in m^. 


10.2 Equation of State of a Gas 

The hinctional relationship among the properties, pressure p, molar or specific 

volume Vf and temperature 7, is known as an equation of state^ which may be 

expressed in the form. 



/(/?, v,T) = Q 
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If two of these properties of a gas are knowti^ the third can be evaluated from 
the equation of state. 

It was discussed in Chapter 2 that gas is the best-behaved thermometric 

substance because of the fact that the ratio; of pressure /? of a gas at any 
temperature to pressure of the same gas at Ihe triple point, as both p and 


approach zero, approaches a value independent of the nature of the gas. The ideal 


gas temperature T of the system at whose temperature the gas exerts pressure p 

(Article 2.5) was defined as 


r-273.16 lim 

A 


(Const. V) 


7 = 273.16 lim 


V 


p, -*0 V. 


(Const, p) 


The relation between pv and /? of a gas may be expressed by means of a power 


series of the form 


pu=A{\ +F> + cy^+...) 


( 10 , 1 ) 


where j4, B\ C, etc., depend on the temperature and nature of the gas. 

A fundamental property of gases is that^ lim {pu) is independent of the nature 

, ■ f-+& 

of the gas and depends only on T. This is shown in Fig. 10.1, where the productpi? 
is plotted against p for four different gases in the bulb (nitrogen, air, hydrogen, 
and oxygen) at the bol I mg point of sulphur, at steam point and at the triple point 


of water. In each case, it is seen that as 0, approaches the same value for 
all gases at the same temperature. From £q. (10.1) 

Ym.pv = A 

There fore, the constant^ is a function of lemperantre only and independent of 


the nature of the gas. 


lim —(Const, V) = Um ^ ^ 


Px 


Pxy 


lim —{Const p) = lim - 

V, pV, 

The id^l gas temperature 7, is thus 


Itm pv 
lim (pv\ 

lim pv 
lim ipv). 




A 

A 

A 


r= 273.16 


lim pv 


lim 


It 

* * 


Iim(pt7) 


lim (pv\ 

273.16 


7 


The term with in bracket is cal led the ttntversal gas consta/t t and is denoted by 


i?.Thus 


R 


lim (pv\ 


273.16 


( 10 , 2 ) 
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Fig, 10,1 For any gas lim (ps)j-is independent of the nature of the 

p^O 

gas and depends only on T 


The value obtained for Urn {pv)i is 22.4 


litre-atm 
gmoE 




22.4 


273.16 


0,083 


litre-atm 




The equation of state of a gas is thus 


lim pv - RT 

p -^0 



n 

Urhebenechtlich geschLjt2te5 M.alcr 


where v is the molar volume. 
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A hypothetical gas which obeys the taw pv = RT at all pressures and 
temperatures is called in ideal gas. 

Rea! gases do not conform to this equation of state with complete accuracy. As 
p ^ 0, or r the real gas approaches the ideal gas behaviour. In the equation 
pv = /? as r-> 0, i.c*t t - 273*15“C, if v remains constant, p 0, or if/? 
remains constant, n -4 0. Since negative volume or negative pressure is 
inconceivable, the lowest possible temperature is 0 K or “ 273.i5°C* T is, 
therefore, known as the absolute tempemture. 

There is no permanent or perfect gas. At atmospheric condition only, these 
gases exist in the gaseous state. They are subject to liquefication or solidification, 
as the temperatures and pressures are sufficiently lowered* 

From Avogadro’s law, when p = 760 mm Hg = 1.013 x 10^ N/m^ T = 
273.15 K, and v = 22,4 m^/kgmol 


^ _ 1.013x10^x22.4 

273,15 

- 8314,3 Nm/kgmol 1C 
= 8.3143 kJ/kgmolK 

Since v = V/n^ where V is the total volume and n the number o f moles of the 
gas, the equation of state for an ideal gas may be written as 


pV^nRT 




where p is the molecular weight 



»F=m — r 

pV=mRT 


where 

For oxygen, e,g,. 


For air, 


R = characteristic gas constant = 




= 0,2598 kJ/kg K 


28.96 

There are 6,023 x 10^^ molecules in a g mol of a substance. 
This is known as Avogadro's number (^), 

A =6.023x 10^ molecules/kgmol 





mi 





In/T 



or 


, the total number of molecules, iV, are 

N-=nA 

n=N/A 


where JC 


py=N-~T 

A 

^NKT 


(10.7) 



R 

A 


83143 


6.023x10^* 


L3S X 10“^ J/moleculc K 


Therefore, the 



is given by 


pV^ mRT 

-nRT 

^NKT 






of an Ideal Gas 


An ideal gas not 



RTi but its specific heats 


are constant also. For real gases, these vary appreciably with temperature, and 



The properties of a substance are related by 

rdj = dw + pdv 


or 


dv 


— + —dv 

T T 


The internal energy u is assumed to be a function of T and v, i.e 


or 


w =/(r, V) 

— 

df 


du 



+ 


Su 

dv 




dn 


Jr 


From Eqs (10,8) and (10,9) 


ds 


1 



Tl ar 


d7' + 


1 

f 


f du 


LV 



+ p 


T 



Again, let 


s ~/(T, V) 


ds 


dr+fjl| dv 


V 


dr 


dv 


T 


Comparing Eqs (10.10) and (10.11) 


(A 

,dr 


1 f du 


\ 


TydrJ 



(10.9) 


( 10 . 10 ) 



31) 


( 10 . 12 ) 


'r ' . iT ■' l\\ 


-IIU 


I - 


V 
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ds 

Jt 


1 

f 


{ dw 



+ P 


T 


Differentiating Eq* (10.12) with respect tor 



T is c onstant 


d 


2 


S 


1 



2 


U 


dTdv 


T dTdv 


Differentiating Eq. (10.13) with respect to T when v is constant 


d 


2 




dvdT 


1 ,1 

T dvdr T 


^drl 


1 



u 


T 


2 



T 




From Eqs (10.14) and (10,15) 


1 d^u 


1 


d^u 






+ 


1 



T dT'dv T dv dr T[dT 


l.(h 

l^[dv 


T 


or 


l]^ 


p = T 


T 


f -^1 

UrJ 


For an ideal gas 


pv = RT 


/ 


V 



\ 


Urj 

dr 


R 


f 


R 

V 


P 

T 


From Eqs (10.16) and (10.17) 


/ 






{dv jj 


0 


(10.13) 


(10J4) 


(10.15) 


P 


T 




(10.16) 


(10J7) 


(10.18) 


There fore, u does not change when v changes at constant temperature. 


Similarly, if u “/(T,;?), it can be 




[dp 


\ 



Therefore, u does 


/T 


not change with p either, when T remains constant 
u does not change unless T changes. 


Then 


u-m 


(10.19) 


only for an ideal gas. This is known as Jouie’s law 


If 


« =/(r, V) 


di^ 


/ 


dr+ 




du 

dv 


dr 


T 


Since the last term is zero by Eq. (10.18), and by definition 
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/ 


C 




du 

6u=c^T 


( 10 . 20 ) 


The equation d« = d F holds good for an ideal gas for any process, 
for any other substance it is tme for a constant volume process only. 
Since Cy is constant for an ideal 




Au 


CyAF 


The enthalpy of any substance is given by 


h = u+pv 


For an ideal 



h = u-^RT 


Therefore 


h=nT) 


( 10 . 21 ) 


only for an ideal gas 
Now 

Since R is sl constant 


dA = dM + RdT 


Ah = Au'^RAT 


CyM^RM 

+ R) AT 


( 10 . 22 ) 


Since ^ is a function 





c 




V 


ar J 


p 


or 


d/r = Cp dr 

Ah = Cp A r 

From Eqs (10.22) and (10.23) 

Cp = Cy + ^ 


(10.23) 

(10.24) 


or 




R 


(10.25) 


The Eq. 



= Cp dT holds good for an ideal gas, even when pressure changes, 

but for any other substance, this is true only for a constant pressure change. 

The ratio afCpfc^ is 
by the symbol y* i.e. 



c 


p 


c 


r 


or 


c 


p 


ycy 


From Eq. (10.25) 


(7- 1)^^ 


R 
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R 


c 


p 


y-1 

yR 

y~i 


kJ/kgK 


(1026) 




UR 


R 


is substituted in Eq. (10.26) 


c 




(^v) 


R 




and 


c 


P 




P 




Y-J 

yR 

y-i 



(1027) 



Cy and Cp are the molar or molal spedjlc heais at 
pressure respectively. 

It can be shown by the classical kinetic theory 
are 5/3 for monatomic gases and 7/5 for diatomic gases. When the 



that 



contains more than two atoms (i.e. for polyatomic gases) the value of y may 
be taken approximately as 4/3. The minimum value of y is thus 1 and the 
maximum is 1.67. 

The value of y thus depends only on the molecular structure of the gas, i. e., 
whether the gas is monatomic, diatomic or polyatomic having one, two or more 


atoms in a molecule. It may be noted that cu and Cy of an ideal gas depend only on 



y and R^ i.e., the number of atoms in a molecule and the molecular weight of the 
gas. They are independent of temperature or pressure of the gas. 







From the general property relations 

rds = du + pdv 
Tds — Fdp 

and for an ideal gas, d« = Cy df, dh = Cp dT, and pu = RT^ the entropy change 
between any two states I and 2 may be computed as given below 
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or 


Since 


S2 


s 


1 


R 


S2-S^ 



‘'p'“ T 


R\n 


Pi 

P\ 


Cp - Eq. (10.29) may written as 


c-ln^+cjn-^ 



c- In 


Pi 


Pi 



or 


s 


2 


s 


\ 


tp In — + !n — 

Pi 


(10,30) 


Any one of the three Eqs (10.28), (10,29), and (10,30), may be used for 
computing the entropy change between any two states of an ideal gas. 




The general property relations for an ideal gas may be written as 



and 


7<ir — du + 


rds di^ - tfdp 


Cy dr +pdv 
Cp dr - n# 


For a reversible adiabatic change, ds = 0 


* 

T 4 


and 

By division 


Cvdr 

cpdr 


p&v 



C 


P 


c. 


r 


vdp 

p&v 


or 


p ^ 


0 


or 


d (In p) + (In V) = d (In c) 


where c is a constant 




lnp + ylnv = liic 


pi? 


c 



any two states 1 and 2 

Pi v1 = P2^ 


or 


For an 




Pl - 

= £l 

Pi 


pv- 

= /?r 

p = 

= 




(10.31) 

(10.32) 


(10.33) 
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From Eq. (10 J3) 
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C' V^- V 



C^P 




RT 


Tu^ 


-i 



(10.34) 


Between any two states 1 and 2, for a reversible adiabatic process in the case 


o f an ideal gas 


T,vr 


^2 


1 


T. 


or 


2 




^^2 / 


(1035) 


Similarly, substituting from Eq. (10,33) 


V 


c 


P 


in the equation pD - RT 


P' 


c 


P 




w m 



rO-Tf)^ _ 

'*P 

two states ! and 2 



(10.36) 
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(l-T?VTf 
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7^ 
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Pl) 


(10.37) 


Equations (10.33). (10.34), and (i 0.36) give the relations amongp, v, and Fin 
a reversible adiabatic process for an ideal gas. 

The internal energy change of an ideal gas for a reversible adiabatic process 
is given by 


Fdr = d« 'f j?dn = 0 
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The enthalpy change of an ideal gas for a reversible adiabatic process may be 


similarly derived. 


TiLs = dA — vdp — 0 


or 


where 


j. £ 

J dA = I vip = 

3 3 

P,vl=‘PjV] = C 
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The work done by an ideal gas in a reversible adiabatic process is given by 


or 


ilfV 


dU 


i.e. work is done at the expense of the i 


energy 




1-2 
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m (u^ " U2) 
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El 
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(10*40) 


where m is the mass of gas. 

In a steady flow process, where both flow work and external work are 
involved* we have from S.F*E,E*, 

+ A-j- + gAr - *3 - ft; = Cp (r, - r,) = 
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(10*41) 


If K,E, and P.E, changes are neglected, 
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An equation of the form ptf = constant, where n is a constant can be used 
approximately to describe many processes which occur in practice. Such a 
process is called a poly tropic process. It is not adiabatic, but it can be reversible. 
It may be noted tJmt 7 is a property of the gas, whereas n is noL The value of n 
depends upon the process. It is possible to find the value ofwhich more or less 

fits the experimental results. For two states on the process, 

Px^A=Pi^2 (10.45) 



I 

V »1 / 




log Pi - log Pi 

log V 2 “ log Vy 


(10.46) 


For known values of pj, P 2 i ^d V 2 , n can be estimated from the above 

relation. 

Two other relations of a polytropic process, corresponding to Eqs (10.35) and 
(10.37), are 


i 




Pi 

< P\ J 


(10.47) 





(i) Entropy Change in a Polytropic Process In a reversible adiabatic 
process, the entropy remains constant. But in a 



'r ' . rr- h ^ Thu'- 



entropy changes. Substituting Eqs {10.45), (10.47) and (10.48) in Eqs (10.28), 
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Relations in terms of pressure and specific volume can be similarly derived. 
These arc 
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(10.50) 

and 

Sj - = - ~ — 31 j; |]] El. 

^ ' r-« A 

(10.51) 


It can be noted that when n = y, the entropy change becomes zero. If P 2 >P\, 
for /I ^ y, the entropy of the gas decreases, and for w > y, the entropy of the gas 
increases. The increase of entropy may result from reversible heat transfer to the 
system from the surroundings. Entropy decrease is also possible if the gas is 

cooled. 
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(10.52) 


For a steady flow system of unit mass of ideal gas, the S.F.E.E. £q. (5. 
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For a polytropic process^ 
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Equations (10*52) 



quantities for a closed and a steady flow system respectively* 
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constant process, 
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The integral of Tdr is obtained from the property relation 

rdr = dii + pdv 
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Substituting from Eqs (10*50) and (10*53) 
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(10*54) can be used to determine heat 
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Since R/(f- 1) = Cy^ 


putting A r - r," r., the reversible heat transfer 


A 

Qr = I T 4 s = c 


y-n 


AT 
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Cj^AT 


(10J8) 


Where c. 


Cy(y- ?f)/(l - fl) is called the pnlytropk specific heat. For n> y 


there will be positive heat transfer and gain in entropy* For n < y,. heat transfer 
will be necative and entroov of the eas would decrease . 


Ordinarily both heat and work are involved in a poly tropic process. To 
evaluate the heat transfer during such a process, it is necessary to first evaluate 

the work via either | pAv or - J vAp^ depending on whether it is a closed or an 

open steady flow system. The application of the first law win then yield the heat 
transfer. 

The polytropic processes for various values ofir are shown in Fig. 10,2 on the 
p-v and Ts diagrams. 
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On differentiation, 


i/* dp+ pnxf~^ dt^ = 0 
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(10.59) 


The slope of the curve increases in the negative direction with increase of n 
The values of n for some familiar processes are given below 
Isobaric process (p = c), n = 0 


CL 


n = ±«* 


--2 


n = - 1 

n = -0.5 


/J = 0 

n = 1 (T=C) 
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n = T 


ft = ± » iv = c) 
.n = -1 


n = 0 (p - c) 

n=^ 


n = Yi^ = c) 


Fig, lOJ Prams in which piP = comtanl 


Isothermal process (7= c), n = 1 
Isentropic process (s = c), w = y 
Isometric or isochoric process (n = c), n 


I ■ * 


r : c.iiui 



Propntiei of Gases and Gas MixitiTts 



10.4 Gas Compression 

A gas compressor is a device in which work is done on the gas to raise its pressure^ 
with an appreciable increase in its density. Being a steady flow device the external 
work done, in absence of K.E, and P*E, changes, would be 


2 


w. 


J V dp = hy - h 
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For a reversible poly tropic compression process, ptf = c 


W, 


n 


n-\ 





P2 

-1 

\Pl j 



For reversible adiabatic compression, n is substituted by 7 . For reversible 
isothermal compression , the work of compression becomes 




£2 

Pi 


Figure 10.3 shows the three reversible compression processes. From 
£q. (10,59), the slope at state 1 is given 



Ip 

dv 


n 


P\ 


V 


\ 


For 7 > n > 1 and for the same pressure ratio p<fp ^, the isoOiennal compression 
needs the minimum work, whereas adiabatic compression needs the maximum 
woric, while the polytropic compression needing work in between the two. It may 
be noted in Fig. 10.3, that in process 0- 



gas IS 



in a r^iprocaiing 


IS 




compressor, in process 1-2 ( 2 j, 2 ^ or 2 ,, as the case may be) the 

compressed, and in process 2-3 the gas is discharged. The clearance volume i 

here neglected. The work of compression is the area included in the diagram as 
shown. 
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Fig, 10J Rttmibii e^mprtssioti 
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10.4.1 Multistage Compressian 


By staging the compression process with intermediate cooling, the work of 
compression can be reduced In an ideal two-stage compressor, as shown in 
Fig. 10.4, the gas is first compressed isentropically in the low pressure (L.P.) 
cylinder, process 1-2, it is cooled in the intercooler at constant pressure to its 
original temperature (called perfect intercoaling), process 2-3, and it is then 
compressed isentropically in the high pressure (H.P,) cylinder, process 3-4. 

The total work of compression per unit mass b the two adiabatic cylinders is 

= ^h2-h^) + - A 3 ) (10,60) 


If the workbg fluid is an ideal gas with constant specific heats 
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Fig. 10.4 Two-sla^ compression with intercoating 
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with perfect inteFcooliiig, Tj 
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For minimum work 







Pi ~ ^ 


(10.62) 


Thus, for minimum work the i 



is the geometric 


mean of the suction and discharge pressures 
From £q. (10.62) it follows that 



For a 3 stage compressor, the pressure ratio per stage is: 




Thus, the intermediate pressure that produces minimum work will also result 
in equal pressure ratios in the two stages of compression, equal discharge 
temperatures, and equal work for the two stages. 

For ideal two-stage adiabatic compression, the minimum work, using 
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( 10 . 64 ) 
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Similarly, for reversible polytropic compression, pv^ = c, with pctfec! 
intercooling, the same expressions given by Eqs (10*61) and (10*62) can be 
obtained by substituting n fbry, and the minimum work becomes 
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(10*65) 


The heat rejected in the intercooler is 

62-5 ” C^2 “ ^3) 

If there are N stages of compression, the pressure ratio in each stage can be 


shown to be 
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discharge pressure ^ 
suction pressure > 


( 10 * 66 ) 


The total work of compression for TV'stages is 
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INnRT^ 
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{10*67) 


In the case of gas compression, the desirable idealized process is often a 

reversible isothermal process* The isothermal efficiency, of a compressor is 

defined as 







h 





to the piston displacement volume is called volumetric efficiency. If m is the 
mass ftow rate of gas and is the speeiftc volume of gas at inlet to the 
compressor, and PD is the piston displacement per cycle, then volumetric 
efficiency is given by 



Let 115 imagine an 



reciprocator in which there are no pressure 1 0 sses 


and the processes 3-0 and 1-2 are reversible polytropic processes (Fig* 10*5), 
with equal value ofn* The clearance volume (C V) is the volume Vy of the cylinder 
and the process 3-0 represents the expansion of the air in the CV. The volumetric 
e fficiency is then given by 
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Clearance C is defined as 



(10.69) 



Clearance volume 

PD 



= l + c-c|^-^j (10.72) 


Equation (10.72) is plotted in Fig, 10.6. Noting that ^ always greater 

than unity, it is evident that the volumetric efficiency decreases as the clearance 
increases and as the pressure ratio increases. 

In order to get maximum flow capacity, compressors are built with the 
minimum clearance. Sometimes, however, the clearance is deliberately increased 
as a means of controlling the flow through the compressor driven by a constant 
speed motor* 

It is evident from Fig, 10,6 that as the pressure ratio is increased, the 
volumetric efficiency of a compressor of fixed clearance decreases, eventually 
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becoming zero. This can also be seen in an mdicator diagram. Fig. 10.7. As the 

discharge pressure is increased, the volume taken in atpi, decreases. At some 

pressurej^ 2 c compression line btersects the line of clearance volume and there 
is no discharge of gas. An attempt to pump to P 2 c (or any higher pressure) would 
result in compression and re-expansion of the same gas repeatedlyt with no flow 
in or out. The maximum pressure ratio attainable with a reciprocating compressor 
is thus limited by the clearance. The clearance cannot be reduced beyond a certain 
value, ihen to attain the desired discharge pressure, multistage compression is to 
be used, where the overall pressure ratio is the product of the pressure ratios of 
the stages. 

The mass flow rate of gas from Eq. (10.6B) then becomes 
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(10,73) 



Fig, 10.7 EJftcl of pressure ratio on capacity 
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The ideal gm equation of state pz? = RT can be established from the posilulates 
of the Idnetic theory of gases developed by Clerk M^well, with two important 
assumptions that there is little or no attraction between the molecules of the gas 
and that the volume occupied by the molecules themselves is negligibly small 
compared to the volume of the gas. When pressure is very small or temperature 
very large, the intcrmolecular attraction and the volume of the molecules 
compared to the total volume of the gas are not of much significance, and the real 

gas obeys very closely the ideal gas equation. But as pressure increases, the 
intcrmolecular forces of attraction and repulsion increase, and also the volume of 


the molecules becomes appreciable compared to the gas volume. So then the real 
gases deviate considerably from the ideal gas equation, van der Waals, by 

applying the laws of mechanics to individual molecules, introduced two 

correction terms in the equation of ideal gas, and hts equation is given below. 


+ = (10,74) 

The coefficieni a was introduced to account for the existence of mutual 
attraction between the molecules. The term afv^ is called the force of cohesion. 
The coefficient b was intorduced to account for the volumes of the molecules, and 
is known as co-voiume. 

Real gases conform more closely with the van der Waals equation of state than 
the ideal gas equation of state, particularly at higher pressures. But it is not 
obeyed by a real gas in all ranges of pressures and temperatures. Many more 

equations of state were later introduced, and notable among these arc the 
equations developed by Berthelot, Dieterici, Beattie-Bridgeman, Kammerlingh 
Onnes, Hirshfelder-Bird-Spotz-McGee-Sutton, Wohl, Rediich-Kwong, and 
Mattin-Hou. 

Apart from the van der Waals equation, three two-constant equations of state 


are those of Berthelot, Dieterici, and Redlich*Kwong, as given below^ 


Berthelot: 

Dieterici: 

Redlich>Kwong; 



(10.75) 

(10.76) 

(10.77) 


The constants, a and b arc evaluated from the critical data, as shown for van 
der Waals equation in article 10.7. The Berthelot and Dieterici equations of state, 

like the van der Waals equation, are of limited accuracy. But the Redlich>Kwong 

equation gives good results at high pressures and is fairly accurate for 
temperatures above the critical value. 

Another two^onstant equation which is again of limited accuracy is the Saha- 

Bose equation of state given as follows. 
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(10.78) 


It is, however, quite accurate for densities less tiiao about 0.8 times the critical 


One more widely used equation of state with good accuracy is the Beattie 


Bridgeman equation: 
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(10.79) 


where 


A =A 
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r / 


B = B 


H} 
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There arc five constants, Aq, Bq, a, 5, and c, which 

experimentally for each gas. The Beattie-Bridgeman 
satisfactory results in the critical point region. 


have to the determined 
equation does not give 


volumes and temperatures and for \^*y small pressures. 


1B,6 Virial Expansions 


The relation between/??? and/? in the fonn of power series, as given in Eq 
may be expressed as 


. 1 ), 


pv + ffp + C-t-O'+ ...) 


For any gas, from equation (10.3) 
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An alternative expression is 
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( 10 . 81 ) 


Both expressions in Eqs (10.80) and (10.81) arc known as virial expansions or 
virial equations of state, first introduced by the Dutch physicist, Kammerlingli 
Onnes* B', C* B, C, etc. arc called virial coefficients. B* and B are called second 
virial coefficients, C and C are called thrid virial coefficients, and so oiu For a 
given gas, these coefficients mt functions of temperature only. 

The ratio/? V / ^ T is called the compressibility factor,Z. For an ideal gas Z= 1. 
The magnitude of Z for a certain gas at a particular pressure and temperature 
gives an indication of the extent of deviation of the gas from the ideal gas 
behaviour. The virial expansions become 
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and 


Z=l+S'/> + C'p^ + D>^ + .. 

Z = 1 + — + ^ + ■” 


(10.S2) 

(10.83) 
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The relations between^', and C,... can be derived as given below 
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(10.84) 


Comparing Ihis equation with Eq. (10.81) and rearranging 
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(10.85) 


The terms Biv^Ov^ etc. of the vtrial expansion arise on account of molecular 
inteictions. If no such interactions exist (at very low pressures) B = 0, C = 0, 

etc.,jZ= 1 andpti “ 


RT. 




10,7 Law of Corresponding States 


I 

For a certain gas, the compressibility factor Z is a function of p and T 
[Bq.|(lD,85)], and so a plot can be made of lines of constant temperature on 
coordinates ofp and Z (Fig. 10.8). From this plot 2 can be obtained for any value 

k 

ofp and T, and the volume can then be obtained from the equationpt? -ZRT The 
advantage of using Z instead of a direct plot of u is a smaller range of values in 
plotting. 

For each substance, there is a compressibility factor chart It would be very 
convenient if one chart could be used for all substances. The general shapes of the 


’r • ' . .T- ~.i\l ►I 





vapour dome and of the constant temperature lines on the p-v plane are similar 

for all substances, although the scales may be difTcrent, This, similarity can be 

exploited by using dimensionless properties called reduced properties.Tht 

reduced pressure is the ratio of the existing pressure to the critical pressure of the 
substance, and similarly for reduced temperature and reduced volume. Then 



where subscript r denotes the reduced property, and subscript c denotes the 
property at the critical state. 

At the same pressure and temperature the specific or molal volumes of different 
gases are different. However, it is found from experimental data that at the same 
reduced pressure and reduced temperature, the reduced volumes of different gases 
are approximately the same. Therefore, for all substances 

^T~f(Pv 

Now, 

p _ V z T, 

V. Z.RT^p Z. p. 


( 10 . 86 ) 

(10.87) 


where 


£c£c 
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. This is called the critical compressibility factor. Therefore 


from Eqs (10.86) and (10.87), 
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Experimental values of for most substances fall within a narrow range 
0,20-0.30, Therefore, Z^, may be taken to be a constant and Eq. (10.88) reduces 
to 
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Z=f(p,.T,) (10.89) 

When Fp is plotted as a function of reduced pressure and Z, a s ingle p lot, known 
as the generalized compressibility chart, is found to be satisfactoiy for a great 
variety of substances. Although necessarily approximate, the plots are extremely 
useful in situdons where detailed data on a particular gas are lacking but its 
critical properties arc available. 

The relation among the reduced properties, and is known as the law 
of corresponding states . 11 can be derived fmm the various equations of state, 
such as those of van der Waals, Berthelot, and Dieterici. For a van der Waals gas, 



or pv^ - (pb + RT} 1?' + on - ajb = 0 

It is therefore a cubic in v and for given values of p and F has three roots of 
which only one need be real. For low temperatures, three positive roots exists 
for a certain range of pressure. As the temperature increases the three real roots 
approach one another and at the critical temperature they become equal* Above 
this temperature only one real root exists for all values ofp. The critical isotherm 
F^. at the critical state on the p-v plane (Fig. 10*9), where the three real roots of 
the van der Waals equation coincide, not only has a ^ro slope, but also its slope 
changes at the critical state (point of inflection), so that the first and second 
derivatives of p with respect to n at F = F^ are each equal to zero. Therefore 



Fig* 10.9 CtiHcal properties on p-o diagram 
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From these two equations, by rearranging and dividing, h 
Substituting the value of b in Eq* (10*90) 
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Substituting the values of b and R in Eq* (10.74) 
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Therefore, the value of R becomes 
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The values of a, b and R have thus been expressed tn terms of critical 

properties* Substituting these in the van der Waals equation of state 
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Using the reduced parameters, 
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(10.92) 


r V 


In the reduced equation of state (10.92) the individual coefficients a, b and R 
for a particular gas have disappeared. So this equation is an expression of the/aw 
of corresponding states becaues it reduces the properties of all gases to one 
formula. It is a iaw' to the extent 




gases obey van der Waals equation. 
Two different substances are considered to be in * corresponding states*, if their 


pressures, volumes 



temperatures are of the same fractions (or multiples) of 


the critical pressure, volume and temperatures are of two substances. The 
generaiized compressibiUfy chart in terms of reduced properties is shown in 
Fig* 10*10, It is very useful in prediciting the properties of substances for which 
more precise data are not available. The value of Z at the critical state for a 


/ 


van der Waals gas is 0.375 


s ince R 


8 






3 Z 


. At very low pressures Z 


approaches unity, as a real gas approaches the ideal gas behaviour. Equation 

(10.92) can also be written in the following form 
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(10.93) 


Figure 10.11 shows the law of corresponding states in reduced coordinates, 
(Pr^t) Differentiating £q. (10.93) with respect toand making it equal to 
zero, it is possible to determine the minima of the isotherms as shown below. 






























































































































le Tb 

aw Is 








35S 


i 






mi€s 


leraperature is called the Boyle temperature for that gas. The Boyle temperature 
Te can be determined by making 


^’rI'r ) 



0 when 



f JTr-Tfl 


Above the Boyle lemperaturef the isotherms slope upward and show no 


minima. 


As is reduced below the critical (i.e. for Tj < 1), the gas becomes liquefied, 
and during phase transition isotherms are vertical. The minima of 




isotherms lie in the liquid zone. 

Van der Waals equation of state can be expressed in the virial form as given 
below 
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From Eq, (10.85), on mass basis 
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To determine Boyle temperature, Tj 
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(10,94) 
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The point at which B is equal to zero gives the Boyle temperature. The second 


virial coefficient is the most important. Since 
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the behaviour of the gas at moderate pressures is completely determined. The 
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terms which contain higher power etc*) become significant only at 

vety high pressures* 

10.8 Other Equatioiis of State 


van der Waals equation is one of the oldest equations of state introduced in 1S99, 
where the constants a and b are related to the critical state properties as found 
earlier, 

27 1 _ 1 fir, 

_ -- ■ f} ^ “ U- ^ —- 

64 p, 3 " 8 /?, 

The Beattie-Bridgeman equation developed in 1928 is given in Eq. 10.79, 
which has five constants. It is essentially an empirical curve fit of data, and is 
reasonably accurate w'hen values of specific volume are greater than 

Benedict^ Webb, and Rubin extended the Beattie-B ridge man equation of slate 
to cover a broader range of states as given below: 




It has eight constants and is quite successful in predicting thep-l^-T behaviour 
of light hydrocarbons* 

The Redtich-Kwoug equation proposed in 1949 and given by Eq. 10.77 has 
the constants a and b in terms of critical properties as follows: 

d2 7'2.5 D 7’ 

a = 0.4275 - b = 0.0867 — ^ 

Pc Pc 

The values of the constants for the van der Waals, Redlich-Kwong and 
Benedict-Webb-Rubin equations of state are given in Table 10*1*3, w^Mle those 
for the Beattie-Bridgeman equation of state are given in Table 10.1.2. Apart from 
these, many other multi-constant equations of state have been proposed . With the 
advent of high speed computers, equations having 50 or more constants have been 
developed for representing the/?-i>-r behaviour of different substances. 


10.9 Properties of Mixtures of Gases-Dalton’s Law 

of Partial Pressures 


Let us imagine a homogeneous mixture 
of inert ideal gases at a temperature T, 
a pressure />, and a volume K Let m 
suppose there are moles of gas 


^2 moles of gas .^ 2 ,. ^ * and upto moles 
of gas .4^ (Fig* 10.12)* Since there is no 
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Table 10.1.1 




i 





1. van der Waals and 

in 



Bentdici- Wtbb-Rubin 


-Kwong: Constants 




in bars, specific volume 



van der Waah 


Redlich-Kwong 


a 


b 


a 


b 


Substance 


bar 




i 


kmoi 



m 


i 


bar 




m 


i 



K 


1/2 


m 


3 



Air 

L368 

0.0367 

15.989 

0.02541 

Butane (C 4 H 

13.86 

0,1162 

289.55 

0.08060 

Carbon dioxide (CO 2 ) 

3.647 

0.0428 

64.43 

0.02963 

Carbon monoxide (CO) 1.474 

0.0395 

17.22 

0.02737 

Methane (€(^ 4 ) 

2.293 

0.0428 

32.11 

0,02965 

Nitrogen (N 2 > 

1,366 

0.0386 

15.53 

0.02677 

Oxygen (O 2 ) 

1.369 

0,0317 

17.22 

0,02197 

Propane (C 3 Hg) 

9.349 

0.0901 

182.23 

0.06242 

Refrigerant 12 

10.49 

0.0971 

208.59 

0.06731 

Sulfur dioxide (SO^ 

ti.SS3 

0.0569 

144.80 

0.03945 

Water fHiOl 

5.531 

0.0305 

142.59 

0,02111 


Source: Calculated from critical data. 

1. Benedict-Webb-Rubin: Constants for pressure in bars, Specific volume in tii3/k mol 

and temperature in K 




Substance a 


A 


b 


B 


1.9073 10.218 0.039998 0.13436 3 . 2 CMSxl 0 * 1 

1 


C 

X 10* 

8.676 X 10^ 


a 


1 


2 


C 4 H 

CO 

CO 

CH 4 


la 




0.1386 2.7737 0.007210 0.04991 1.5i2x 
0.0371 1.3590 0.002632 0.05454 1.054 x 1 0 ^ 



1.101 X lOT^ 
S.47 X 10"^ 0. 




iJSOx 10 


0 . 



0.0501 1.8796 0.003380 0.04260 2.579x 10^ 2J£87xlO* 1.244 x I IT* 

7.381x10^ 8.166x10^ U72xl0r^ 





Source: H.W. Cooper, and J.C. 



Hydfocarboii Processing. 45 (12); 141 (1967). 


Table t0.1«2 


(a) The Beattie-Bridgeman equation of state is 


P 




V 


2 


1 


C 


vT 


2 



B) 


When P is in kPa, v is in m^/fc mol, Tis in K, and 8,314 kPa'm''/(kmoiK), the 
five constants in the Beattie-Bridgeman equation axe as follows: 

Gas 


A 

V 


, where A = Aq\ I 




1 


3 


b 

V 




Air 

Argon, At 

Carbon dioxide, CO 2 
Helium, He 
Hydrogen, H^ 
Nitrogen, 

Oxygen, O 


I 



a 

Bo 

b 

c 

131.3441 

0.01931 

0.04611 

- 0.001101 

4.34 X 10 * 

130.7802 

0.0232S 

0.03931 

0,0 

5.99 X 10^ 

507.2836 

0.07132 

0.10476 

0.07235 

6.60 X 10* 

2.1886 

0.05984 

0.01400 

0.0 

40 

20.0117 

-0.00506 

O.O2096 

-0.04359 

504 

136.2315 

0.02617 

0.05046 

-0,00691 

4.20 X 1<J* 

151.0857 

0.02562 

0.04624 

0.004208 

4.80 X 1 O'* 




Source: Gordon J. Van Wylen 



Richard E. 


Thermodynamics. English/SI Version. 3d ed., 



of Classical 
. Tabic 3.3. 


r- -iitl;- ; 


' -X'- 
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chemical reaction, the mixture is in a state of equilibrium with the equation of 

state 


pV = (fii + ^2 R T 


where 


R 


83143 kJ/kg moiK 


* * 


P 


n^RT 

V 


+ 



V 




+ 


n,RT 

I I ■ 

V 


The expression 


n^^RT 

V 


represents the pressure that the ATth gas would exert if 


it 




volume V alone at temperature T. This is called the 



pressure of the Kth gas and is denoted by 


Pi 


n^RT 

y 


Pi 


rtiRT 


V 


»*'»Pc 


n^RT 

y 


and 


P=Pi+P2 + -■ "^P 


(10.95) 


This is known as Daltan's law of partial pressures which states that 
pressure of a m ixture of ideal gases is equal to the sum 





Now 


y 


(rtj + rt2 + 




PT 

P 


Zn^- 


RT 


P 



gas IS 


Pk 



y 


Substituting the value of K 


Pk 


n^RT^p 

Zn^^RT 



Zn 


•p 


K 


Now 


Zn 


K 


«j +^2 '’c 

Total number of moles of gas 


The ratio 


«K 


Zur 


is cal led the mole fraction of the Kth gas, and is denoted by 


TTius 


Xl 



1 


Ztt 




^2 


K 


Zn 


■ tXj 


n 


K 


Zn 


K 


Pl=J^lPiP2=^2P 


t " " " I 


Pc = ^cP 



and 


or 

Also 


Pk = 


(10.96) 

(10.97) 


In a mixture of gases, if all but one mole fraction is detemuned, the last can be 
calculated from the above equation. Again, in terms of masses 

PiV- m^R^T 

p-2y ~ 




Adding, and using Dalton's law 


pV 




^2+ .„ + 


where 




For the gas mixture 


pV -{m\ + 


(10,99) 


where is the gas constant for the mixture. From Eqs (10.98) and {10.99) 


R 




tn\ /?[ + ^ 2^2 + * ■' + 


+ m2 +■■■ + ?»(. 


( 10 , 100 ) 


The gas constant of the mixture is thus the weighted mean, on a mass basis, of 
the gas constants of the components. 

The total mass of gas mixture m is 

m =mj + 

If p denotes the equivalent maiecular weight of the mixture having n total 


number of moles. 




or (10.101) 

A quantity called itic partial volume of a component of a mixture is the volume 
that the component alone would occupy at the pressure and temperature of the 
mixture. Designating the partial volumes by F 2 , etc. 


or 


pY^ = m^RJ,pV2 = m2R2T, = mjtj 

p(F| + ^2 + ... + F(.) = {m^M^ + + ... + 

From Eqs (10.98), (10.99) and (10.102) 

F=Fi + F2+... 

The total volume is thus equal to the sum of the partial volumes. 

The specific volume of the mixture^ v, is given by 


( 10 . 102 ) 


(10.103) 


V 


V 

m 


V 


nti +^2 +-^+m^ 


V 


jMj +m2 +*-' + m 


V 


or 
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where V2. ... denote specific volumes of the components^ each component 
occupying the total volume* 


Therefore, the density of the mixture + P 2 


(10,105) 


10.10 Internal Energy^ Enthalpy and Specific 

Heats of Gas Mixtures 


When gases at equal pressures and temperatures are mixed adiabatieally without 
work, as by inter-dif^ion in a constant volume container, the first law requires 
that the internal energy of the gaseous system remains constant, and experiments 
show that the temperature remains constant* Hence the internal energy of a 
mixture of gases is equal to the sum of the internal energies of the individual 

components, each taken at the temperature and volume of the mixture (i .e. sum of 
the *partiar internal energies). This is also true for any of the thermodynamic 

properti cs 1 ike Hy C^, Cp, 5, F and G and i s known as Gihhs theorem , Therefore, 

on a mass basis 


+ m2U2 + 




+ m2U2 H— + 

flj| + /M 2 +' ■ ■ + 


(10.106) 


which is the average specific internal energy of the mixture. 

Similarly, the total enthalpy of a gas mixtum is the sum of the 
enthalpies 



mh 


m 


and 


h 




mj/»| + m2h2 + 

/Mj A| + + ” ’ + 

m^ + 7ft2 + ■ ■ ■ + 


From the definitions of specific heats, it follows 



m 


c 


+ Wl2Cy^ + ■ ■ ■ + /Hf-Cy 


vm 


and 


+ ^2 4^ 


miC^ + +"+m-C 


c 




2^P2 


C'^pc 


pm 




mi + m2 + 


(10,107) 


(10*108) 


(10*109) 


10.11 Entropy of Gas Mixtures 


Gibbs theorem states that the total entropy of a mixture of gases is the sum of the 

partial entropies. The partial entropy of one of the gases of a mixture is the entropy 
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that the gas would have if it occupied the whole volume alone at the same 
temperature. Let us imaginge a number of inert ideal gases separated from one 
another by suitable paititionst all the gases being at the same temperature T and 
pressure p. The total entropy (initial) 

Si = n^Si^ ^ 

From property relation 

rdy = 6h- = Cpdr - vdp 

" T p 

The entropy of 1 mol e of the JCth gas at T and p 

d?^ “ 

*K“Fp^-^-*'nA' + *0K 

where is the constant of integration. 



¥ 

4 ■ 


= i Inp 

Ha-' r R 

) 

Let 


pj ft. T R 


then 


= R Zjijf (tTg ~ I® a) 

(10.110) 


Ailer the partitions are removed, the gases diffuse into one another at die same 
temperature and pressure, and by Gibbs theorem, the entropy of the mixture, is 
the sum of the partial entropies, with each gas exerting its respective partial pres¬ 
sure. Thus 













(10.113) 


which indicates that each gas undergoes in the diffusion process 3.free eyqmnsiOft 
from total pressure p to the respective partial pressure at constant temperature. 



.T- rMl h 
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Similarly, on a mass basis, the entropy change due to difhisioii 


s,-s. 


In 




P 



— + /7J2J?2 In + 

p P\ 


+ In 


P\ 


\ 


P ) 


10.12 Gibbs 



Ideal Gases 


From the equations 


dA 


6s 


of a Mixture of Inert 


cpdr 

_ dr 


R 




p 


the enthalpy and entropy of 1 mote of an 
p are 



gas at 



h 




Kdr 


J 



c 


p 


dr 

T 


+ s 


<1 


R \ti p 


Therefore, the molar Gibbs function 


Now 


Let 


Then 



c 


p 


g 


k 


Ts 


*o'*' f 


c.dT 



c 


p 


T 


J dCtft^) = J u6v J v6u = uv 


u 


I 

f 


1 V 



c 


I 

p 



TI 




T 


\c,dT 




0 


p 


T 


j, c^dr + J Cpdrf 



UdT-l 


f i 




r 


2 


1 

f 


2 


dJ 



^rinp 


S 


h 


0 





T 


2 


dr 


r^o + 




p 


r ■ 


r nhtl- h :c.liui- 


Therefore 
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h 


a 


RT 


I 


f-M:—dr 


s 


\ 


0 


T" 


R 


+ in /? 


J 


Let 


0 


h 


D 


1 


RT 


R 





T 


2 


dr 


s 


0 



(10*114) 


Thus 




RT(<p + \np) 


(10.115) 


where 0 is a function of temperature only. 


Let us consider a number of inert ideal gases separated from one another at the 


same T and p 


Gi = Snvffc 


/?ri% + Inp) 


After the partitions are removed, the ^ses will difliise, and the 
fimction of a particular gas is the value of G, if that gas occupies the 



at the same temperature exerting a 



Thus 


G 


f 


iSrinKCfe + liiPK) 


J? T I/*k(0k + In + In x^) 


Therefore 


Gf-Gi 




(10*116) 


Since < I, (Cf— G^) is 

Gibbs function of a mixture 



becauese G decreases due to di^sion 


gases at T and p is thus 


G = /f!ri%(^+ Inp + Inx^} 


(10.117) 


Solved Examples 



Example 10*1 Two vesse I s, A and B, both containin 

by a valve which is opened to allow the contents to mix 
equilibrium temperature of 27®C* Before mking the following informalion is 

known about the gases in the two vessels* 


Vessel A 


Vessel B 


P 

t 


1 *5 MPa 
SO^C 


P 

t 


0.6 MPa 
20 “C 


Contents = 0.5 kgmol 


Contents = 2*5 kg 


Calculate the final equilibrium pressure, and the amount of heat transferred to 


the surroundings* If the vessel had been 

temperature and pressure which 
Solution For the gas in vessel A (Fig* Ex. 10* 1) 




the final 


. Take y = 1.4 


r -iitl; : 


- 


iiui 
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1 

1 

1 

> 


8 

1.6 MPa 


0.6 M Pa 

50^ 


20“C 

0.6 kgmolo 


2.6 kg 

323 K 


293 K 

I 


Fig. Ex. 10.1 


where is the volume of vessel A 


1.5 x 10^ X = 0.5 X 8.3143 x 323 


V, = 0.895 m 


3 


The mass of gas in vessel A 


m 


A 


«A^A 

Q5 
14 kg 



X 28 kg/kgmol 


Characteristic gas constant i? of nitrogen 


R 


8.3143 

28 


0.297 fcj/kg K 


For the vessel B 


Pb^b “ 


0.6 X 10^ X V, 




2.5 X 0,297 X 293 




B 


0.363 m 


3 


Total volume of^ and 5 




0.895 + 0.363 


1 , 



m 


3 


Total mass of gas 




B 


14 + 2J= 16.5 



Final temperature after mixing 


r = 27 + 273 = 300K 


For the final condition after mixing 

pV=mRT 

wherep is the ftnal equilibrium pressure 

px 1.258 == 16.5 X 0.297 x 300 


P 



.5x0,297x300 






1.258 





1.168 MPa 
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C 


R 


y 


0.297 

0.4 


= 0.743 kJ/kg K 

S ince there is no work transfer, the amount of heat trans fer 

Q = change of internal energy 


U 


U 


Measuring the internal energy above the datum of absolute zero (at T = 0 K, 
w = 0 kJ/kg) 

Initial internal energy U | (before mixing) 

= "* aCv^a + mflCy ?’b 

= (14 X 323 + 2.S X 293) x 0.743 
= 3904.1 kJ 


* -h 


Final internal energy U 2 (after mixing) 

= mCyT 

= 16.5x0.743x3 
= 3677.9 kJ 
2 = 3677.9-3904.1 

If the vescis were insulated 


226.2 Id 


M.cJ/, + 


mc^T 


where T would have been the final temperature. 


T 




m 

X 323 + 2.5 X 293 


,5 


318,5 K 


or 


45.5^C 


A ns 


The final pressure 


P 


mRT 


16.5x0.297x318.5 


V 


.7kPa 


1.24 


Example 10.2 A certain gas has c 



p 

t. 


L 


c. 


1.507 kJ/kg K. Find its 


A constant volume chamber of 0.3 m^ capacity contains 2 kg of this gas at 5®C. 


Heat is transferred to the gas until the temp^ture is 


C. Find the work done, 


the heat transferred, and the changes in internal energy, enthalpy and entropy. 
Solution Gas constant. 


T- nhtli:;^ 


c h u1 


Pt^periies ^Gasts and Gas Mixium 


Molecular weight. 


At constant volume 


- L968 - L507 
= 0.461 kJ/kg K 




83143 

0.461 



01-2 = (^2' ^i) 

= 2x 1307 (100-5) 
= 28633 kJ 


Change in internal energy 

2 

pdv = 0 

1 

U2-U^ = 6i_ 3 = 28633 kJ 

Change in enthalpy 

= 2 X 1.968 (100 ^5) = 373.92 kJ 

Change in entropy 





2x 1.507111 




Ans. 

Ans. 

Ans. 


Example 10«S 



The specific heats of a gas are 



by c 


p 


akT and 


c, 


b + kTt where a, b, and k are constants and T is in Show that for an 


isentropic expansion of this gas 




constant 


(b) 1.5 kg of this gas occupying a volume of 0.06 at 5.6 MPa expands 
isentropically until the temperature is 240®C. If a = 0.946* b = 0.662, and 
Jt- 




Solution 

(a) 

c^~Cy = a + kT- 

b - kT 


=a-b=i 


Now 

j dr 


ds — -4 


T 

V 


= (fp + W) 

‘*^+(a -b +idr+(a b)'^ 


V 


T 


V 


For an isentropic process 


b]nT^kT+(a-b)]nv = constant 


■ I 




constant 


(Q.E.D.) 
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This is shown in Fig- Ex, 10,4. The slope of the constant volume line passing 
through point A is steeper than that of the constant pressure line passing through 


the same point. 


(Q.E.D0 


Example 10.5 0.5 kg of air is compressed reversibly and adiabatically from 
80 kPa, 60®C to 0.4 MPa, and is then expanded at constant pressure to the original 
volume. Sketch these processes on the p-v and T-s planes. Compute the heat 

transfer and work transfer for the whole path. 

Solution The processes have been shown on the p-v and T-s planes in 
Fig. Ex. 10.5. At state 1 

P\l^\ ~ ntPT^ 


c 



(h) 


Fig. Fy. 10.5 






Basie 



69£ y 


Again 


PlW = P2^2 


/„ \y 
■ 

/ 


^2 



m 


Pi 



1 

5 


V 


I 


1 

5 


1/1.4 


1 


3.162 


y^ 




2 


0,597 

3,162 


0J89 m 


3 


For process 2-3 ^ 



W 


2-3 


P2 - 
163.2 k; 





(0.597 - 0 



Total work transfer 


W 


W, 


1-2 


2-3 


69,6+ 163,2 = 93,6 y 


Ans 


For states 2 and 3 


T. 


Piy^ 

n 


T 


3 




5 

V. 


527x3,162 = 1667 



2 


Total heat transfer 


Q ~ Qi-2 ^ 02-3 ” 02-3 


mcp (T^ 




1/2x 1,005(1667-527) 
527.85 y 


Ans 


Example 10.6 A mass of air is initially at 260°C and 700 kPa, and occupies 
0,028 m^. The air is expanded at constant pressure to 0,084 m^, A polytropic 
process with n= L50 is then carried out, followed by a constant temperature 
process which completes a cycle. All the ptocessts ate reversible, (a) Sketch the 
cycle in the/>-t? and T-s planes, (h) Find the heat received and heat rejected in the 
cycle, (c) Find the efficiency of the cycle. 


Solution (a) 
Given 



cycle is 



on the p-v and Ts planes in Fig. Ex. 10,6 


Pi = 700 



T, 


V 


i 


0.028 m 


7 - 1 

3 


260 + 273 = 533 K=r 


3 




2 



m 


3 


From the ideal gas equation of state 





m 


I 


700 X 0.028 



0,287x533 


0,128 kg 
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0.128x0.287x533x3 
64.53 kj 



i 


(b) Heat recei ved in the 


Q 

Heat rejected in the cycle 

0 



2 


137,13 kj 


19.59 + 64.53 



.12 kJ 



^cycle ^ 


a 

Q^ 


1 


84.12 

137.13 


1-0.61 


0.39, or 39% 


Ans 


Arts 





Example 10.7 A mass of 0.25 kg of an ideal gas has a pressure of 300 
temperature 

adiabatic process to a final pressure of 300 kPa and final 
during which the woik done on the gas is 25 kJ. Evaluate the and of the gas 
and the increase in entropy of the gas. 

Soiution From 


Piy^ 


Final temperature 


Now 


Now 


Entropy change 


R 


T 




c 




€ 


P 


S 2 -S 


1 



I 


300 X 0.07 


0.25 X (273 + 80) 


0.238 kJ/kg K 


PZ^2 

mR 


300 X Q.l 

0.25 X 0.238 


505 K 


Q = {U^-U,)^W=mcAT2 

0 = 025 cJ5Q5 - 353) - 25 


T^)^W 


25 


0.25x152 


0.658 kJ/kg 



R 



658 + 0.238 = 0.896 



K 


I t ^3. 

mCy In + mCp in — 


Pi 


V 


1 



mCp In ^ 


0.25 X 0.896 In 


0.i0 

0.07 


0224 X 0.3569 - 0.08 kJykg K 


Am. 


Example 1 Oi.8 A two-stage air compressor with perfect intercooling takes 
air at 1 bar pressure and 27®C. The law of compression in both the stages 



in 

1-3 


T- ch\\\-[ 



'n 
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constant. The compressed air is delivered at 9 bar from the H.P, cyI inder to an 

ir, (a) the mieimiim work done 





air receiver. Calculate, per 
the heat rejected to the intercooler. 

Solution The minimum work required in a two-stage compressor is given by 
Eq. (10.65), 


W. 


2nRT^ 
n - 1 


Pi 




\Px 


1 


2 X 1.3 X 0.287 X 

03 



[( 3 ) 


O.VIJ 


1 ] 


26 X 0.287 X ICH) X 0.287 = 214.16 



A ns. (a) 


Pi 

T. 


JPiPi 


JTxs 




3 



/ 


Pi 


n-l/n 


3O.3/1.3 ^ i _28856 


2 


KP\ 

386.56 K 


Heat rejected to the intercooler 


1.005 (386.56 - 300) 
86.99 kJ/kg 


Ans. (b) 


3 


Example 10^ A single-acting two-stage air compressor deals with 4 mvmin 


of air at I. 



15*C with a speed of250 rpm. 



bar. Assuming complete intercooling, frnd the minimum power required by the 
compressor and the bore and stroke of the compressor. Assume a 



L25 and 


neglect clearance. 

Solution 


P2 = -JPiPA = Vl-013 X 

Minimum power required by the conipressor 



9 bar 


W 


In 




n-l 


PxVx 


f 



\ 


tt-l/n 


I 


KP\ J 


X 


1 


n. 


lech 


2x1.25 1.013 X 

-X — 



0.25 

1013x4 

45 


0.75 


X 


4 
60 




0 . 25 ^ 1.25 


013 


I 


X 0.548 = 49.34 kW 


Ans 


Ifibe 



21 


N 

60 


3 






L 


36 cm 


Arts. 


90x100 
250 

Effective LP swept volume = 4/250 = 0:016 


ipu)* X 0.36 xq„, = 0.016 

4 





= 0266 m = 26.6 cm 



Ans. 



Example I0«10 A single cylinder reciprocating compressor has a bore of 
120 mm and a stroke of 15 0 mm^ and is driven at a speed of 1200 ipm. It is 
compressing CO 2 from a pressure of 120 kPa and a temperature of 25 to a 
temperature of 215®C, Assuming polytropic compression with n = L3, no 
clearance and a volumetric efnciency of 100%^ calculate (a) the pressure ratio^ 
(b) indicated power, (c) shaft power, with a mechanical eftlciency of 30%, 
(d) mass flow rale. 

If a second stage of equal pressure ratio were added, calculate (e) the overall 
pressure ratio and (f) bore of the second stage, if the same stroke was maintained. 

Solution (a) With respect to Fig. Ex. 10.10, 

(b) K, = K,=-^(0.12)^x0.15 = 0.0017111’ 


pjp, = (TJTi) 


488^1 

298 J 


1.3/0.3 


8.48 


Ans. (a) 




X 120 X lo’ X 0.0017 ((8.48)®’'” - II = 563.6 J 


Indicated power = 563.6 x 


i^ = 11.27kW 
60 


Ans. (b) 
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mole i&action of moh con^itusDt, (b) tlie equivalent moleeular weight of the 
mixture, (c) the equivalent gas constant of the mixture, (d) the partial pressures 

and the partial volumes, (e) the volume and density of the mixture, and (f) the c 


and Cy of the mixture. 


p 


If the mixture is heated at constant volume to 40^C, fmd the changes in internal 


energy 



ixture. Find the changes in internal energy, 
enthalpy and entropy of the mixture if the heating is done at constant pressure. 
Take y for CO^ and to be 1.286 and 1,4 respectively. 

Solution 


(a) Since mole fraction Xj 


n 


In 




3 
28 


3 

28 44 




5 


^COi 


44 


3 ^ ^ 


0.515 


28 


44 



mixture 


M = +X2;i2 

= 0.485x28 + 0.515x44 
= 36.25 kg/kg mol 


(c) Total mass 


^ ~ ^ ”^C02 = 3 + 5 = 8 



Equivalent gas constant of the mixture 


R 






2 


m 

xM1«+5x 

28 



n 





44 


0.89 + 0.94 


8 


0.229 kJ/kg K 


8 


Ans 


(d) 


Pth 


X 




0.485 X 



145.5 kPa 


Pqq^ =Xcq^'P = 0.515 X 300 = 154.5 kPa 


V. 


m 


N2 




3 X 


8.3143 

28 


X293 


N2 


0.87 m 


3 


P 



V. 


^C02 ^^3 ^ 


COj 


P 


5 MM3 ^ 293 

44 

300 


0.923 m 


3 



ir ' 

r ■ ■ ' 


T- L-iitii.; ^ 


I I 


FrtipeTties of and Gas Mixtures 


379 



III 


e of the mixture 


V 


V 


Density of the mixture 


(f) 


c 


pNz 


c 


vNi 


C 


vN2 


C 


pNj 


For CO^t 


c 


vC02 


For the mixture 


c 


p 


c 


mRT 

P 




^Q02^C02 ^ 


P^l 


Pco 


7 


8 X 0.229 X 293 




300 


1 




3 


P ~ Pnj ^ Pcoi 


m 

V 


8 
1.79 


4. 




3 


R 


Nj 


R 


Nj 


8.3143 


r-1 


28 X (1.4-1) 


0.742 kJ/kg K 

1.4x0,742 



y= 1.286 


8,3143 


y-1 


44 X 0.286 


0.661 kJ/kg K 


epC02 = 1-286 X 0.661 = 0.85 kJ/kg K 




'"Nj + '"CO 


1 



Ans 


3/8x 1.039 + 5/8x0. 
0.92 kJ/kg K 


^1^2 '^^COj^vCOj 

m 

3/8 X 0.742 + 5/8 x 0.661 = 0.69 kJ/kg K 


Ans 


If the mixture is heated at constant volume 


U^-U, 


mcv {T 




Ti) 




8 X 0.69 X {40-20) 
110.4kJ 

(^2 “ ^l) 

8 X 0.92x20 = 147.2 kJ 


5^-5 


1 


mc^ In 


mc^ In 


T, 

D 


+ mR In 




8 X 0.69 X In 


313 

293 


r 


rr ^htli- h 
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0368 kJ/kg K 


If the mixture is heated at 
The change in entropy will be 



Ans. 

yAU and AH will remain the same. 


S 2 -S 


I 



mc- In 

p 7 ; 

mc„ In — 

T: 


mR In 


P2 

Pi 


8x0.92 In ~ 

293 


= 0.49 kJ/kg K 

Example 10.12 Find the ineiease in entropy when 2 kg of oxygen at 


mixed with 6 kg of nitrogen at the same temperature. The i 


Arts. 




are 



constituent is 103 kPa and is die same as that of the mixture 


Solution 


2 


X 


Oz 


P 02 

P 


32 

28 


0325 


32 


% 


2 


Pnj 

P 


0375 


Entropy increase due to diffusion 


AS 


rrtn. Rr^ In 


02-^02 


P 




2 


In 0.225 



8.3143 

28 J 


In 0375 


L2314 





Ans 


Example 10,13 The gas neon has a molecular weight of20.183 and its critical 
temperature, pressure and volume are 443 K, 233 MPa and 0.0416 



Reading from a compressibility chart for a reduced pressure of 2 and a reduced 

temperature of 13, the compressibil ity factorZ is 03. What are the corresponding 
specitic volume, pressure, temperature, and reduced volume? 

Solution AiPf = 2 



Tf ” 1.3 from chart (Fig. Ex. 10.13), z = 0.7 
/> = 2 X 233 = 5.46 MPa 


Ans 


T 

Z 


13 


r= 13 X 44.5 = 5735 K 

pv - ZRT 


Ans, 


V 


03x83143x57.85 


20.183 X 5.46 x 10 
3.05 X 10’’ m’/kg 


3 


r 


■T- “htn ^ 


Thiji 
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Z = 0.7 



I 



z> 3.05 X 10“^ X 20.183 

' ZI. 4.16 X 10"^ 



Example 10,14 For the Berthelot equation of state 

PT a 

p -- - A 

v-b To^ 

show that (a) hni {RT~jn>) = 0 

p^O 


(b) lim — = - 
r-*- T p 



■| 12 

(d) Critical properties = 3b, 


\2b 


3b 


(e) Law of corresponding 

states 

1 

f 

p,+ 

\ 

3 



Solution 



(a) 


RT 

p - 

V-b 


\ 


{3v,-\) 


T. 


a 


Tv 


2 



N m 



(v-h) 



iTf chtlinf -^hui- i ^^lurh - 
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Basic 



or 


* * 


RT 

P 

RT-pv 


hm {RT-pu) 

p^Q 

T 


(b) Now 


V 


V 

T 


lim 



V 

T 


ir + 


a 


pvT 


b 


ab 


po^T 


a 


vT 


bp 


ab 


v^T 


0 


P 

R_ 

P 

R 

P 


“ +6+ 


poT 


pii^T 
ab 


« +A + _ 

pvr T pv‘-T 


2t-2 


Proved (a) 


L 


Proved (b) 


(c) 


pv^RT 


^ + AjP + 


vT 


v^T 


The last three terms of the equation are very small, except at very high 
pressiuies and small volume. Hence substitutbg v =■ RTIp 


or 


(d) 




2 


RT 


fAji 


3(/ro) 

L"^j 



T 


RT 


j 


+ b + 





0 


when p - 0, r- the Boyle temperature 


a 


RT 


2 


b 




T 




P 


RT 



a 


bR 



a 


v-b 


Tv 


2 


^ dp 

1,3p Jt 

3i»" 


RT 


T. 


(V,-b) 

2RL 


2 


+ 


2a 




0 


6a 




T-Tf 


(Pc - bf 


T-vt 


0 


Pc + 


a 


\ 


) 


(r, - ij = RT 


By solving the three equations, as was done in the case of van der 
equation of state in Article 10.7 




r 
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= (so that2 -3/8) 

3 3 j; 

Substituting in the equation 




Pr+^|(3l’r-l) = 8?; 

V ) 

This is the law of corresponding states- 


Proved (d) 


Proved (e) 


Review Questions 


10.1 What is amole? 

10.2 What is Avogadio*s law? 

10.3 What i s an equation of state? 

10.4 What is the fundamental property of gases w ith respect to the product pvl 

10.5 What is universal gas constant? 

10.6 Define an ideal gas. 

10.7 What is the characteristic gas constant? 

10. S What is Boltanann constant? 

10.9 Why do the specific heals of an ideal gas depend only on the atomic structure of 

the gas? 

10 J 0 Show that for an ideal gas the internal energy' depends only on its temperature. 

10.11 Show that the enthalpy of an ideal gas is a function of temperature only, 

10.12 Why is ihere no temperature change when an ideal gas is throttled? 

10.13 Show that for an ideal gas, Cp = R. 

10.14 Derive the equations used for computing the entropy change of an ideal gas. 

10.15 Show that for a reversible adiabatic process executed by an ideal gas, the 

following relations hold good: (i) piP - constant, (ii) = constant, and 
<iu) = constant. 

10.16 Express the changes in internal energy and enthalpy of an ideal gas in a re^'ersible 

adiabatic process in terms of the pressure ratio. 

10.17 Derive the expression of work transfer for an ideal gas in a reversib le isothermal 

process. 

10.18 What is a polyiropic process? What are the relations among p. v and T of an ideal 

gas in a polytropic process? 

'I ■ ' IT- ^ ^ -^hut- - ■ Tl 
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,19 


10,20 









.31 



.32 









itEtes 1 and 2 in a 




ptP = constant* Is given by the following relations: 


(i) I, 


s 


I 


n-y 


<ii) 


«-7 
"(7-1) 


I) T: 


/lln 


El 

P\ 


(iii) S2-S 


1 




y-1 


V 


I 


WhEt are die expressions of work transfer for an ideal gas m a polytropic process 
if the gas is; (i) a closed system* and (ii) a steady flow system? 


10.21 Derive the expression of heat transfer for an 

What is 



gas in a 



process 



if (a) n>y, and (b) n < y ? 


p 


Why is the external woric supplied to a compressor equal to 




Pi 


10^3 Why does isothermal compression need minimum work and 

compression maximum work? 



10.24 What is the advantage of staging the 

10.25 What is meant by perfect intercooling? 




Show that the optimum intennediite pressure of a two-stage 
compressor for minimum w'ork is the geometric mean of die suction and 
discharge pressures. 

10.27 Explain how the use of intermediate pressure for mmimum work results in equal 

pressure ratios In the two stages of compression* equal dUschatie temperatuios* 
and equal work for the two stages. 

2S What is the isothermal efficiency of a comjnessor? 

1029 



Why docs the volumetric efficiency of a compressor 
increases for the given pressure ratio* (fa) as 
given clearance? 





gas equation of stale. What is force of cohesion? What is oo-volume? 



are 



two 



1033 Give the virial expansions for pv in terms of p and v. 

10.34 What are virial (efficients? Whm do they become zero? 


,35 What is the co 



factor? 


1036 What are reduced properties? 

1037 

10.38 What is the law of corresponding states? 



39 Express 



v 


dcr Waals constant In terms of critical properties 


Ehaw the diagram representing the law of coTresponding states ir 
coordinates indicating the isotherms and the liquid and vapour phases 

10.41 Define Boyle temperature? How is it computed? 

10.42 State Dalton's Law of partial pressures. 
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10.43 Kow is the partial pressure in a gas mixture related to the mole fraction? 

10.44 





) 


computed'] 

10.45 What is Gibb 

Show that m a 




process a gas 



a free expansion from the total 


pressure to the relevant partial pressure. 


.47 Show that in a cUfllision process at constant temperature the entropy increases 
and the G ibbs function decreases. 


Problems 


10.1 


10.9 



IS 



mass of air 



in a room 6mx9mx4mi 



L01325 kPa and the temperature is 25*C? 


pressure ts 


10.2 The usual cooking gas 

and 80 cm In height. It is charged to 12 




Ans. 2S6 kg 

afciout 2 5 cm in diameier 

at room temperature (27“C). 

(a) Assuming the idml gas law, frnd the mass of gas filled m the cyclinden 

(b) Explain bow the actual eye Linder contains nearly L 5 kg of gas. (c) If the 
cylinder is to be protected against excessive pressure by means of a fusible piug« 
at what temperature should the plug melt to limit the maximum pressure to 15 

MPa? 

103 A certain gas has ^ 0.913 and = 0.653 kJ/kg 1C F ind the molecular weight 

and the gas constant R of the 
10.4 From an experimental determination the specific heat ratio for acetylene (CtH,) 



is found to 1.26. Find the tw o specific heats. 


10,5 Find the molal specific heals of monatomic, diatomic, and polyatomic gases, if 

their specific heat ratios are respectively 5/3* 7/5 and 4/3. 


10.6 A supply of natural gas is required on a site 800 m above storage level. The gas at 


- 150°C* IJ bar from storage is pumped steadily to a point on the site wh^ Its 
pressure is 1.2 bar, its temperature 15’'C, and its flow rate 1000 m^/hr If the 
work transfer to the gas at the pump is 15 kW, find the heat transfer to the gas 
between the two points. Neglect the change in K.E. and assume that the gas has 
the properties of methane (CH^) which may be treated as an ideal gas having 


y*=l33(g^9.75m/A 


Ans. 63.9 kW 


10.7 A constant volume chamber of 0.3 capacity contains I kg of air at 5^C. Heat 

is transferred to the air until the temperature is lOO^C. Find the work done* the 
heat transferred, and the changes in internal energy* enthalpy and entropy. 

air in a closed system* initially at S'C and occupying 0.3 volume* 

^C. There is no work other 




10.8 

undergoes a constant pressure heating process to 
than pdv work. Find (a) the work done during the process, (b) the heat 
transferred* and (c) the entropy change of the gas. 

0,1 w? of hydrogen initially at 1,2 MPa, 200®C undergoes a reversible isothermal 
expansion to 0.1 MPa. Find (a) the work done during the process, (b) the heat 
transferred, and (c) the entropy change of the gas. 

10.10 Air in a closed stationary system expands in a reversible adiabatic process from 

0,5 MPA* IS®C to 0.2 MPa, Find the final temperature, and per kg of air, the 
change in enthalpy* the heat trans ferred* and the work done. 




i ^ I 

ilUf 




4 
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E 0,11 If the above process occurs in an open steady fhDm system, liud the 


10,12 




tempeiature, and per kg of air* the change in internal energy* the heat 
and the shaft work, Neglect velocity and elevation changes. 

The indicator diagram for a certain water-cooled cyclinder and piston air 
compressor shows that during compression - constant The compression 
starts at iOO kPa, 25°C and ends at 600 kPa. [f the process is reversible* how 
much heat is transferred per kg of air? 

10,13 An ideal ^s of molecular weight 30 and y = 1,3 occupies a volume of L5 at 

100 kPa and 77^C. The gas is compressed according to the law 



to a pressure of 3 MPa. Calculate the volume and temperature at the end of 
compression and heating, work done* heat transferred, and the total change of 
entropy. 

10.14 Calculate the change of enOopy when 1 kg of air changes from a tempetature of 

volume of 0,15 to a temperature of550 K atid a volume of 0,6 



If the air expands according to the law* po" = constant, between the same end 
states, calculate the heat given to* or extracted from, the air during the expansion, 
and show that it is approximately equal to the change of entropy multiplied by the 
mean absolute temperature. 

10.15 0.5 kg of alf* initially al 25 is heated reversibly at constant pressure until the 

volume is doubled, and is then heated reversibly at constant volume until the 

pressure is doubled. For the total path, find the work transfer* the heat transfer* 



10.16 An ideal gas cycle of three processes uses Argon (MoL wt. 40) as a working 

substance. Process 1-2 is a reversible adiabatic expansion from 0,014 m^ 

700 kPa, 2SO*C to 0,056 m^. Process 2-3 is a reversible isothermal process. 
Process 3—1 is a constant pressure process in which heat transfer is zero. Sketch 

the cycle in the p-v and T-r planes, and find (a) the work transfer in process I -2, 
<b) the work transfer in process 2-3, and (c) the net work of the cycle. Take 
r=i^67. 

Arts, (a) 8.85 kJ (b) 8.96 kJ (c) 5.82 kj 

10.17 A gas occupies 0.024 at 700 kPa and 95^C. It is expanded in the non-flow 


process according to the law pi 


I 


1.2 


constant to a pressure of 70 kPa after which 





1.047 



it is heated at constant pressure back to its original temperature. Sketch the 

process on the p-v and T-s diagrams, and calculate for the whole process 
woric done* the heat transferred, and the change of entropy. Take 
Cy = 0.775 kJ/kg K for the gas. 

10.18 0.5 kg of air at 600 kPa receive an addition of heat at constant volume so that its 

temperature rises from 110“C to eSO^C. It then expands in a cyclinder 


polytropically to its 
Finally, it is 



temperature and the index of expansion is 1,32. 
isothermaly to its original volume. Calculate (a) the 


change of entropy during each of the three stages, (b) the pressures at the end of 
constant volume heat addition and at the end of expansion. Sketch the processes 
on the p-v and T-s diagrams. 

10.19t 0.5 kg of hcHum and 0.5 kg of nitrogen are mixed at 20X and at a total pressure 

of 100 kPa, Find (a) the volume of the mixtrue, (b) the partial volumes of the 
components, (c) the partial pressures of the components, (d) the mole fmetions of 
the components, (e) the specific heats Cp and Cy of the mixture, and (f) the 


constant of the mixture. 




An$. (a) 3.481 (b) 3.045, 0.436 (c) 87.5, 12.5 

(d) 0.875, 0.125 (e) 3.11. 1.921 kJ/k (0 1. 189 U/kgK. 

T- L.iiUi 
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E 0.20 A gaseous mixture consists of 1 kg of oxygen and 2 kg of nitrogen at a pressure of 

150 kPa and a tempcfature of 20°C. Deiermine the changes in internal energy, 
enthalpy and entropy of the mixture when the mixture is heated to a temperature 
of 100°C {a) at constant volume, and (b) at constant pressure. 

10.21 A closed rigid eye iinder is di vided by a diaphragm into two equal compartments, 

each of volume 0,1 Each compartment contains air at a temperature of 20“C. 

The pressure in one compartment is 2.5 MPa and in the other compartment is 1 
MPa. The diaphragm is ruptured so that the air in both the compartments mixes 
to bring the pressure to a uniform value throughout the cylinder which is 

insulated. Find the net change of entropy for the mixing process. 

10.22 A vessel is divided into tliree compartments (a), (b), and (c) by two partitions. 
' Part (a) contains oxygen and has a volume of 0.1 m^, (b) has a volume of 0,2 

and contains nitrogen, while (c) is 0.05 and holds CO 2 . All three parts arc at 
a pressure of 2 bar and a temperature of 13^C. When the partitions are removed 
and the ga^s mix, determine the change of entropy of each constituent, the final 

pressure in the vessel and the partial pressure of each gas. The vessel may be 

taken as being completely isolated from its surroundings. 

Ans. 0.0875,0.0783, O.OdSO U/K; 2 bar^ 0,5714, 1.1329,0,2857 bar. 

10.23 A camot cycle uses 1 kg of air as the world ng fluid. The maximum and minimum 


temperatures of the cycle are 600 K and 


K, The maximum pressure of the 


cycle is 1 MPa and the volume of the gas doubles during the isothermal beating 
process. Show by calculation of net work and heat supplied that the efficiency is 

the maximum possible for the given maximum and minimum temperatures. 

10.24 An ideal gas cycle consists of three reversible processes in the following 

sequence: (a) constant volume pressure rise, (b) iscntropic expansion to r times 

the initial volume, and (c) constant pressure decrease in volume. Sketch the cycle 
on the p-v and T-s diagrams. Show that the efficiency of the cycle is 




rtr-1) 


4, 

Evaluate the cycle efficiency when 7” ^ ® 


10,25 Using the Dieterici equation of smte 


Arts, {rj = 0.378) 


RT 

p =-‘ ^ exp 

' v-b ^ 


RTv 


(a) show that 


Pc = — v=2h,T=-^ 

' Ae^b^ ' ' ARb 


(b) expand in the form 


pv = RT 


\ V 




...) 


(c) show that 


r, 


a 

bR 


26 The number of moles, the pressures, and the temperatures of gases ft, 6, and c are 
given as follosvs 
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Gas 

m (kg mol) 

p(kPa} 

tCC) 

N, 

1 

350 

100 

CO 

3 

420 

200 

Oj 

2 

700 

300 



If the containers are connected^ allowing the gases to mix fieely, find (a) the 
pressure and temperature of the resulting mixture at equilibrium, and (b) the 
change of entropy of each constituent and 
10.27 Calculate the volume of 2.5 kg moles of steam at 236-4 atm. and 776.76 K with 

the help of compressibility factor versus reduced pressure graph. At this volume 
and the given pressure, what would the temperature be in K* if steam behaved 


liic a van der Waals gas? 

The critical pressure, volume, and 
57 cm^/kg mole, and 647.3 K respectively. 



of steam are 218.2 atm, 


28 Two vessels* and J, each of volume 3 may be connected together by a tube 

of negligible volume. Vessel jf contains air at 7 bar, while B contams air at 

3.5 bar, 205X, 




mixing to be complete and adiabatic. 


Ans. (0.975 kJ/kg K) 


An ideal gas at temperatiMe fj is heated at constant pressure to 
expanded reversibly, according to 



then 


once again T^. What is the required value of n, 
the separate processes are equal? 



Ans. It 


2Y 


\ 


r+i J 


10.30 A certain mass 


(SO^) is contained in a vessel of 0.142 
capacity, at a pressure and tempemture of 23.1 bar and I8^C respectively. A 



valve is opened momentarily 



the pressure falls immediately to 6,9 bar. 







Sometime later the temperature is again 18*C and the pressure is observed to be 
9.1 bar. Estimace 

Ans. 1.29 

.31 A gaseous mixture contains 21% by volume of nitrogen, 50% by volume of 
hydrogen, and 29% by volume of carbon-dioxide. Calculate the molecular weight 

of the mixture, the chamctcfistic gas constant R for the mixture and the value of 


the reversible adiabatic 



y. (At 10“C, the values of nitrogen, hydrogen. 



and carbon dioxide are 1.039, 14.235, and 0.82 S kJ/kg K respectively.) 

A cyclimter contains 0.085 m^ of the mixture at I bar and iO°C. The gas 

undergoes a reversible non-flow process during which its volume is reduced 

one-fifth of its original value. If the law of compression is ^ constant, 

determine the work and heal transfers in magnitude and sense and the change in 
entropy. 

Ans. 19.64 kg/kg mol, 0.423 kJ/kg K, 1.365, - 16 kJ, - 7.24 kJ, - 0.31 kJ/kg K 
10.32 Two moles of an tdcal gas at temperature T and pressure p arc contained in a 

compartment. In an adjacent compartment is one mole of an ideal gas at 


temperature 2T and pressure p. The gases mix adiabatically but do not react 
chemically when a partition separating the compartments is withdrawn. Show 
that the entropy increase due to the mixing process is given by 
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provided that the gases are diiTereot and that the ratio of specific heat y is the 

same for both gases and remains constant. 

What would the entropy change be if the mixing gases were of the same species? 

1033 rtj moles of an ideal gas at pressure^j and temperature Tare in one compartment 

of an insulated container. In an adjoining compartment, separated by a partition^ 
are tij motes of an ideal gas at pressure pj and tempemlure T, When the partition 

is removed* calculate (a) the final pressure of the mixture, (b) the entropy change 
when the gases are identical, and (cj the entropy change when the gases are 
different. Prove that the entropy change in (c) is the same as that prodi^ed by two 
independent fice expansions. 

1034 Assume that 20 kg of steam are required at a pressure of 600 bar and a 

temperature of 73(rC in order to conduct a particular experiment. A 140-litrc 

heavy duty tank is available for storage. 

Predict if this is an adequate storage capacity using: 

(a) the ideal gas theory* 

(b) the compressibil ily factor chart, 

(c) the van der Waals equation with a = 5.454 (litre)^ atm/fgmol)^* b = 0.03042 
Irtres/gmol for steam* 

(d) the Mol lier chart 

(e) the steam tables. 

Estimate the error in each. 


1035 


1036 


Arts, (a) 15735 A (b) 132.51 A (c) 124*94 / (e) 137*29 / 
Estimate the pressure of 5 kg of CO 2 gas which occupies a volume of 0.70 m^ at 

75^C, using the Beattie-Bridgeman equation of state. 

Compare this result with the value obtained using the gcncraUzed compressibility 
chart. Which is more acc urate and why? 

For CO2 with units of atm, Utres/g mol and K* 

n _ jS 4 A J mj' i_ _ A ^ rt—4 _ ^ A. 


A 


0 


5,0065. a = 0.07132* 




0 


0.10476*h = 0.07235*Cx 10 


66 . 0 . 


Measurements of pressure and temperature at various stages in an adiabatic air 

turbine show that the states of air lie on the line =‘ constant If kinetic and 
gravitational potential energy arc neglected, prove that the shaft work per kg as a 
function of pressure is given by the following relation 


W=3.5piV 


I 


1 “ 

f— 

1 / 3 ' 


Ipi i 



Take yfor air as 1,4, 

10.37 Air flows steadily into a compressor at a temperature of 17^C 



1.05 bar 



a pressure of 

leaves at a temperature of247’'C and a pressure of 6.3 bar. There is 

no heat transfer to or from the air as it flows through the compressor; changes in 

elevation and velocity are negligible. Evaluate the exlemal work done per kg of 
air, assuming air as an ideal gas for which R = 0.2S7 kJ/kg K and y= 1.4. 
Evaluate the minimum external work required to compress the air adiabatically 
from the same initial state to the same final pressure and the isentxopic efficiency 
of the compressor 

Afis. - 225 kjykg, - 190 kJ/kg* 84,4% 
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I 



10.38 


10.39 



A slow-speed reciprocating air compressor with a water jacket for cooling 
approximates a quasi-static coiDpression process following a path - const 

If air enters at a temperaiure of 20"C and a pressure of 1 bar, and is compressed 
to 6 bar at a rate of 1000 kg/h, determine the dischai^e temperaiure of air, the 

power required and the heat transferred per kg, 

Ans. 443 K. 51.82 fcW, 36 kJ/1^ 
A single-acting two-siagc reciprocating air compressor with complete 
intercooling delivers 6 kg/min at 15 bar pressine. Assume an intake condition of 
I bar and 15 °C and that tire compression and expansion processes are polytropic 
with n = 1.3. Calculate: (a) the power required, (b) the i sothermai efficiency. 

Ans. (a) 26.15 kW (b) 85.6% 
A lwo«itage air compressor receives 0.238 m^/s of air at I bar and 27®C and 


discharges it at 10 bar. The polytropic index of compression is 1.35. Determine 

(a) the minimum power necessary for compression, (b) the power needed for 

single-stage compression to the same pressure, (c) the maximum temperature for 
(a) and (b), and {d) the heat removed in the intercooler. 


10.41 



Ans. (a) 63.8 kW, (b) 74.9 kW, (c) 404.2 K, 544.9 K, (d) 28.9 kW 

A mass of an ideal gas exists imtially at a pressure of 200 kPa, temperature 

300 K, and specific volume 0.5 m^/kg. The value of /is 1.4. (a) Determiire the 

specific heats of the gas. (b) What is the change in entropy when tire gas is 

to the law ^ = 


expanded to pressure 100 kPa according 


const? (c) What will 


be the entropy change if the path is/7t? * ^ = const, 
jacket during the process)? (d) What is the mference you can draw from this 



example? 

Ans. (a) 1.166, 0.833 kJ/kg tC, (fa) 0.044 kJykg K (c) ^ 0.039 kJ/kg K 

(d) Entropy increases when n < /and decreases when n>y 

(a) A closed system of 2 kg of air initially at pressure 5 atm and temperature 

227*C, expands reversibly to pressure 2 atm following the law 
= const. Assuming air as an ideal gas, determine the work done and the heat 

transferred. 




(fa) If the system does the same 
work done by the system? 



m a 



Ans. I93kJ,72kJ 
flow process, what is the 



a piston is 



Arts. 241 kJ 
re\ ersibly according 


to the law pv 
pressure is 100 


1.25 



const. The mass of air m the cylinder is 0,1 kg. The initial 
and the initial temperature 20®C. The final volume is 1/8 of 


the initial volume. Determine the work and the heat transfer. 

-22.9 kJ,-8.7 U 

Airis contained in a cylinder fitted with a Medoniess piston. Initially the cylinder 

contains 0,5 of air at 1,5 bar, 20“C. the air is then comprised revetaibiy 
according to the law pv^ = constant until the final pressure is 6 bar, at which 
point the temperature is 120®C, Determine: (a) the polytropic index n, (b) the 
final volume of air, (c) the work done on the air and the heat transfer, and (d) the 



m entropy 


Ans. (a) 1,2685, (b) 0.1676 m’ (c) - 95.3 kJ, - 31.5 kJ, (d) 0.0153 kJ/K 


10,45 The speetfic heat at constant pressure for air is given b 



Cp = 0,9169 +2,577 X 10^ T-3.974 X 10 


-s 



kJ/kgK 
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10,46 


10,4S 


10.51 


It 


Determine the change in internal energy and that in entropy of air when it 
undergoes a change of state from 1 atm and 298 K f o a tempemtitfe of2000 K at 
the same pressure. 


Ans. 1470.4 U/kg, 2,1065 


A closed system allows nitrogen to expand reversibly from a volume of 0.25 m 

to 0.75 along the path po' = const. The original pressure of the gas i 


K 


pressure 


gas IS 


250 kPa and its initial temperature is 1 OO^C. (a> Draw the p-v and Ts diagrams, 
(b) What are the frnal temperature and the final pressure of the gas? (c) How 
much woric is done and how much heat is transferred? (d) What is the entropy 
change of nitrogen? 

Ans. (h) 262.44 K, 58.63 kPa, (c) 57.89 U, 11.4 kj* (d) 0.0362 kJ/K 



a specifre heat at constant pressure given by c, 


17.66 + 


r 


kJ/kg mol K when J kg of methane is heated at constant volume from 27 to 
SOOX. Jf the initial pressure of the gas is 1 atm, calculate the final pressure, the 

heat transfer* the work done and the c hange in entropy. 

Ans. 2.577 atm* 1258.5 kJ/kg* 0* 2.3838 kJ/kg K 

Air is compressed reversibly according to the iaw pv - const, from an initial 


pressure of 1 bar and volume of 0.9 m^ to a fmal volun* 
final pressure and the change of entropy per kg of air. 


const, from an initial 

).6 in^ Determine the 


Ans. 1.66 bar* - 0.0436 kJ/kg K 
10.49 In a heat engine cycle* air is isothcrmally compressed. is then added at 


constant pressure* afrer which the air expands isentropically to its original state. 
Draw the cycle onj?-t* and T-s coordinates. Show that the cycle efficiency can be 
expressed in the following form 




C7 -l)lnr 


Y[r 


I ■! * "I 1 


1 ] 


where r is the pressure ratio* p^fpi- Determine the pressure ratio and the cycle 
efficiency if the initial temperature is 27°C and the maximum temperature is 


327^C. 

Ans. 13.4* 32.4% 

10,50 What is the minimum amount of w ork required to separate 1 mole of ai r al 2T*C 

and 1 atm pressure (assumed composed of 1/5 and 4/5 N j) into oxygen and 


nitrogen each at 27®C and 1 atm pressure? 

1250 J 

A closed adiabatic cylinder of volume 1 m is divided by a partition into two 
compartments 1 and 2. Compartment 1 has a volume of 0.6 m^ and contains 

m ethane at 0.4 MPa* 40*C* while compartmeiit 2 has a volume of 0,4 m^ an d 
contains propane at 0.4 MPa, 40°C. The partivion is removed and the gases are 
allowed to mix. (a) When the equilibrium state is reached* fmd the entropy 
change of the universe, (b) What are the molecular weight and the specific heat 
ratio of the mixture? 

The mixture is now compressed reversibly and adiabatically to 1.2 MPa. 
Compute (c) the fmal temperature of the mi xture* (d) the work required per unit 

moss* and (e) the specific entropy change for each gas. Take of methane and 
propane as 35.72 and 74.56 kJ/kg mol 1C respectively. 

Ans. (a) 0.8609 kJ/K <b) 27.2* 1.193 (c) 100.9®C (d) 396 kJ (e) 0.255 kJ/kg K 


r- : iitl;- ; 
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10.52 An ideal 



cycle consists of the following reversible 



; <i) isentropic 


compression, (ii) 



volume heat addition, (Lii) isentiopic cKpansioo, and 


(iv) constant pressure heat rejection. Show that the efficiency of this cycle is 


given by 


rt=l- 


l 




T-i 


Y(^ 


\fi[ 


1 ) 


a- ] 


where \ is the compression ratio and a is the ratio of pressures af^er and before 


heal addition. 

An engine operating on the above cycle with a compr^ion ratio of 6 starts the 
compression with air at 1 bar, 300 K* If the ratio of pressures after and before heat 
addition is 2.5, calculate the efficiency and the m.e .p. of the cycle. Take y = i .4 

and = 0,718 kJ/kg K* 

A ns. 0,579, 2,5322 bar 

10.53 The relation between u, p and v for many gases is of the form u = a + hpv where 

a andare constants. Show that for a reversible adiabatic proccss.pt*^ = constant, 
where y= (/» + 1 pb. 

10.54 (a) Show that the slope of a reversible adiabatic process on p~v coordinates is 


du 


I 


p 


kv c 


where it 


I ( 


V 


^PJt 


(b) Hence, show that for an ideal gas, ptP - constant, for a reversible 





of state - b) = RT and has its 




process. 

10.55 A certain gas obeys the Ctansius 

internal energy given by u 
process is p{v - b)'^ = constant, wbcie y 

10.56 (a) Two curves, one 

ideal gas and the other an isothermal process by the same gas, intersect at the 
same point on the p-o diagram. Show that the ratio of the slope of the adiabatic 
curve to the slope of the isothermal curve is equal to y (b) Detcmiine the ratio of 
work done during a reversible adiabatic process to the work done during an 
isothermal process for a gas having 7=1,6* Both processes have a pressure ratio 

of 6. 

1 0.57 Two containers p and q with rigid walls contain two different monatomic gases 



with masses and gas constants and and initail temperatures Tp 
respectively, are brought in contact with each other and allowed to exchange 
energy until equilibrium is achieved. Defermine: (a) the final temperature of the 
two gases and (b) the change of entropy due to this energy exchange. 

10.58 The pressure of a certain gas (photon gas) is a function of temperature only and i s 

related to the energy and volume by/K H ” 0^3) A system consisting of 

this gas confined by a cylinder and a piston undergoes a Carnot cycle between 
two pressures py and p 2 - (^) expressions for work and heat of reversible 

isotheimal and adiabatic processes* (b) Plot the Camot cycle on p-v and T-s 

diagrams, (c) Determine the efficiency of the cycle in terms of pressures, (d) 


What is the 



pressure and temperature? 


10,59 The gravimetric analysis of dry air is approximately: oxygen = 23% nitrogen 

= 77%. Calculate: (a) the volumetric analysis, (b) the gas constant, (c) Ihe 
molecular weight, (d) the respective partial pressures, (e) the specific volume at 
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1 atm, 1 5^C , and (f) How much oTcygen must be added to 2.3 
mixture which is 50% oxygen by volume? 


air to produce a 


Ans. (a) 21% O 3 ,79% Nj, (b) 0.288 y/kg K, (d) 21 kFa for O 3 , 

(e) 0 J4 m^fkg, (f) 1.47 kg 


10.60 A vessel of volume 2 T is divided into two equal compartmentSH These are filled 

with the same ideal gas, the temperature and pressure on one side of the partition 
being (Pi> Tj) and on the other {pj, Tj), Show that if the gases on the two sides are 
allowed to mix slowly with no heat entering, the final pressure and temperature 


will be given by 


P 


Pi+ P 2 T= ^\^2{Pi-^p2) 


P\h +P2T1 


Further, show that the entropy gain is 


AS=V 


[y « 




T. 


r, 


T. 


T. 


^In^ 






Pi 




Pi 


10.61 A sing Lc-acti ng air compressor has a cy I inder of bore 15 cm and the pi ston stroke 

is 25 cm. The crank speed is 600 ipm. Air taken from the atmosphere (I atm, 
27*C) is delivered at 11 bar. Assuming polytropic compression pv^ = const., 
find the power required to drive the compressor, when its mechanical efficiency 

is 80%, The compressor has a clearance volume which is l/20th of the stroke 


volume. How long will it take to 


iver I m^ of air at the compressor outlet 


conditions. Find the volumetric efficiency of the compressor, 

Afis. 12.25 kW, 3.55 min, 72% 

10,62 A multistage air compressor compresses air from I bar to 40 bar. The maximum 

temperature in any stage is not to exceed 4Q0 K. (a) If the law of compression for 
all the stages is = const., and Ihe initial tempemture is 300 K, find the 
number of stages for the minimum power input, (b) Find the intermediate 
pressures for optimum compression as well as the power needed, (c) What is the 
heat transfer in each of (he intercooler? 


Ans. (a) 3 


3.48 bar, I2J bar, 373.1 W/kg (c) 100.5 Ufkg 


10.63 An ideal gas with a constant volume of Cp ^ 29.6 J/gmol-K is made to undergo a 

cycle consisting of the following reversible processes in a closed system: 
Process 1-2: The gas expands adiabatically from 5 MPa, 550 K to 1 Mpa; 
Process 2-3: The gas is heated at constant volume until 550 Process 3 -1: The 

gas is compressed isothermally back to its initial condition. 

Calculate the work, the heat and the change of entropy of the gas for each of the 


three processes. Draw the p-v and T-s 


Ans. 


W 


2-3 


4260 J/gmol, Qi _2 = 0, Aj-j. 
0, Q 2.1 ^ 4260 J/gmol, A^ 2-3 ' 
>1-K, fF.,. =-5290 J/mol = 


As 


3-1 


J/gmol-K, fFj^i = - 5 
:-9.62 J/gmol-K, JF, 


Q 


= 9.62 

03-r 


net 


Jg/gmol, 'f dS 



10.64 Air in a closed system expands reversibly and adiabatically from 3 MPa, 200®C 


to two times its initial volume. 


then cools at constant volume until the 


pressure drops to 0*8 MPa. Calculate the work done and heat transferred per 


of air. Use c. 


1.017 and Cv “ 0.728 U/kgK. 


Ans. 82.7 kJ/kg, - 78.1 JeJ/kg 


;tl; 


ft J 

■ ij! 
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10.65 A vi^sel is divided into three compartments (a)» (b) and (c) by two paititiorLs 



10.6S 


Part (a) contains hydtogen and has a volume of 0.1 m^, part (b) contains nitrogen 


and has a volume of 0 .2 tn^ and part (c) contains carbon dioxide and has a volume 
of 0.05 w?. Ail the three parts are at a pressime of 2 bar and a temperature of 


13"C. The 



are removed and the gases are allowed to mix. Determine 



entropy change due to diffusion. The specific heats of 



(a) the moleeulai' weight of the mixture, (b) the characteristics gas constot for 
the mixture, (c) the partial pressures of each gas, (d) the reversible adiabatic 
index y, and (e) 

hydrogen, nitrogen and carbon dioxide are 14.235, 1.039 and 0,S28 
respectively. 

The above gas mixtiire is then reversibly compressed to a pressure of 6 bar 
according to the law = constant, (f) Determine the work and heat 
interactions in magnitude and sense, and (g) the change in entropy. 



Ans. (a) 22.8582 (b) 0.3637 kJ/kgK (c) = 0.57\4,p^^ “ 1.1428, 

PcOi = bar<d) 1JS4 (e) 0.3476 U/kgK (0 - 70.455 kj, 

- 33772 y (g) - 0,1063 y/K, 

-stage air compressor has a bore of200 mm and a stroke of 

im and runs at 400 rpm. At a working pressure of 721.3 kPa it delivers 



3.1 of air per min at 270^C, Calculate (a) the mass flow rate, (b) the free air 
delivery (FAD) (c) effective swept volume, (d) volumetric efficiency. Take the 
inlet condition as that of the free air at 101,3 kPa, 2PC. 

Ans. (a) 0,239 kg/s (b) 0.199 m^/s (c) 0.299 m^ (d) 79.2% 
! 0,67 A single stage reciprocating air compressor has a swept volume of2000 cra^ and 

runs at 800 rpm. It operates on a pressure ratio of 8, with a clearance of 5% of the 
swept volume. Assume NTP room conditions, and at inlet, and polytropie 
compression and Cfxpansion with n “ L25. Calculate (a) 

(b) volumetric efficiency, (c) mass flow rate, (d) the free air delivery FAD, (e) 
isothemia! efficiency, (f) actual power needed to drive the compressor, if the 
mechanical efficiency is 0. 






diu, (a) 5,47 kW (b) 78.6% (c) 1.54 kg/min (d) 1,26 m^/min, 


(e)80,7%, (f)6.44kW 

A two-stage single-acting reciprocating compressor takes in air at the rate of 
0,2 mVs. Intake pressure and temperature are 0.1 MPa and 16°C respectively. 
The air is compressed to a final pressure of 0,7 MPa, The interaiediatc pressure is 
p and intercooling is perfect. The compression index is 1.25 and the 
compressor runs at 10 rps. Neglecting clearance, determine (a) the intennediate 
pressure, (b) the total vo lume of each cylinder, (c) the po wer re<|uired to drive the 
compressor,, (d) the rate of heat absorption in the intercooler. 



Ans. (a) 0.264 MPa (b) 0.0076 h.p. and 0.02 Ip cylinder 

(c) 42.SkW(d) 14,95 kW 

at 1.013 bar 


3 


10,69 A 3- 






air compressor tunnmg m an 

and 15®C has a free air delivery of 2.83 m^/min. The suction pressure and 

pressure is to be 


temperature are 0.98 bar and 32®C respectively. The 
72 bar. Calculate the indicate power required, assuming 
n = 1.3 and that the comptessor is designed for minimum 
heat loss to the intercookra? 




dttr. 25,568 kW, 13.78 kW 
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10.70 Ptedict the prressure 



gas at T= 175 K 



3 


V = 0*00375 m /kg on the 




(c) the Beattie 



, (b) the van dcr Waals 

of state and (d) the Benedict* Webln-Rubi] 


equation of state. Compare the values obtained with the ejtperimentally 


determined value of 10,000 kPa, 

Ans. (a) 13,860 
m an 





9468 kPa (c) 10, no kPa (d) 10,000 kPa 
on the tempefttme of the air in the 


10.71 

tyre. When the air temperature b the pressure gauge reads 210 kPa. If the 
volume of the tyre is 0,025 determine the pressure rise in die tyre when the air 

temperature in the tyre rises to 50^. Also find the amount of air that must be 
bled off to restore pressure to its original value at this temperature* Take 
atmospheric pressure as IDO kFa. 

10.72 Two tanks arc connected by a valve. One tank contains 2 kg of CO gas at 77X 

and 0*7 bar. The other tank holds 8 kg of the same gas at 27°C and 1,2 
valve is opened and the gases are allowed to mix while receiving energy by heat 
transfer fiom the surroundings* The final equilibrium temperature is 42°C. Using 
the ideal gas model, determine (a) the final equilibrium pressure, (b) the heat 




transfer for the process. 


.Ins* (a) 1*05 bar (b) 3tl5y 



r ■ h 





Thermodynamic Relations, 

Equilibrium and Third Law 


ILl Some Mathematical Theorems 


Theorem 1 If a relation exists among the variables and z, then z may be 

expressed as a function of x and y, or 




then (Iz - M 6xN dyt 

wherez, M andare functions ofr andy. DifferentiatingMpartially with respect 
to y, and N with respect to x 




Theorem 2 If a quantity / is a function of x, y, and z, and a relation exists 

among Xy y and z, then /is a function of any two of x, and z. Similarly any 
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Theorem 3 Among the variables jf, and Zy any one variable may be 
considered as a function of the other two* Thus 




4 - 







11»2 Maxwell^s Equations 


A pure substance existing in a single phase has only two independent variables* 
Of the eight quantities K, F (Helmholtz tunction), and G (Gibbs 

function) any one may he expressed as a function of any two others. 


For a pure substance undergoing an infmitesi] 


11 





(a) dU= 

(b) dH=dU+pdV^ 

(c) dF=dU-TdS 






^Fdp 


SdT 


(d) dG = dH-^TdS-SdT=Vdp-SdT 

Since U, H, F and G are thermodynamic properties and exact differentials of 
the type 



Applying this to the four equations 
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These four equations are known as Maxwell 's equations. 


11^ rd5 Equations 

Let entropy S be imagined as a function of T and V. Then 


6S 


fi£l 

UrJ 


/ 


dr+ 




dS 

3k 




dV 


/j 


TdS 


Jds^ J^s^ 


Ur 


dr+ 




\3v 


dV 


/j 


Since T 


1 


heat capacity at constant volume, and 


V 




V 


9r 


T 


dp ^ 


, Maxwell's third equation. 


V 


rds-c,dr+rf|^j dv 


V 


This is known as the first TdS equation. 

lfS=S{T,p) 


dS 


95^ 

arJ 


dr+ 


p 


(is 

^0p 



T 


/ 


TdS = T 




dT 


dr+ 


p 


' I 



dp 


T 


Since 


JdS 


„ , is'' 



/ 



\ 


T 


V 


arj 


p 


then 


TdS = CpdT 


T 


dTj 



p 


This is known as the second TdS equation. 


11.4 Differeoce in Heat Capacities 


Equating the first and second rdS equations 


0K> 




dp 


Cvdr+r 


p 


(If) 


dV 


(c, - cj dr 


<#) 


dr+ 


V 


<lf) 



p 



( 11 . 8 ) 


(H.9) 


; h c liii- ■ : ■ Ti 
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Both these equations give 




(a) Since 


dr 


2 


always positive, and 


p 


dp 

dv 


for any substance 



/T 


live, (Cp "Cv) is always positive. Therefore, Cp is always greater thanCy* 
(b) As T 0 K, Cp Cy Of at absolute zero, Cp = 


(c) When 




0 (e,g,, for water at 4"C, when density is maximum, or 


p 


specific volume minimum), Cp “ Cy. 


(d) Foran ideal 




and 


dT J 

dp ^ 

df 


mR 


p 


P 


y 

T 


mRT 






y 


2 


or 


Cp — Cy — fjtR 


Equation (11.10) may also be expressed in terms of volume expansivity 


defined as 



Tkermi^ynamk Relatiomt Equilibrium and Third Law 





1 


/ 







p 


and isothermal compressibility defined as 


k 


T 


C -C 

'-'P 


c 




If if: 

kI 3r 


\ 


h 


TV 


1 
V 


/ 



\ 






arj 


pj 




1 



c 




T 


A: 


T 


(llJl) 


11^ Ratio of Heat Capacities 


At constant 5, the two JdS equations become 


Cpdr, 


n if^ I dp. 


dr 


P 


Cvdf, 


T 


,dTj 


dV 




V 


C 


p 


* tf 


c 


v3r 







Bv 


s 


rip 

I 3r 


T 


Since y> U 


Bp ^ 
Bv 


> 


( 3p 


V 



T 


r 


Therefore, the 




isenifope is greater than that of an isotherm on p-v 


diagram (Fig. 11.1). For reversible and adiabatic compression, the work done is 


2S 


W=h 


2s 


hi- j 


I 


= Area 1-25-3—4--1 

For reversible and isothermal compression, die work done would be 

2T 

” ^2t ” ” J pd|p 

1 

= Area l-2r-3-4-l 


r ■ 


1 

1 

1 

; 


' 


' 1 

1 ! 







fVj < fF, 

For polytropic compression with 1 < « < y; the work done will be between 
these two values. So, isothermal compression requires minimum work. (See Sec. 

10.4). 

The adiabatic compressibility (JtJ is defmed as 



1 





For a system undergoing an infinitesimal reversible process between two 
equilibrium states, the change of internal energy is 

dU^TdS-pdV 

Substituting the first T dS equation 



(11.13) 



If 
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(11.14) 


This is known as the energy equation. 
given below: 


Two applications of the e<iuatioii are 



Since 




0 


change either when p changes 
a function of temperature only 



Another important point 


(11.13), 



in Chapter 1Q 


gas 




pV= nR T and 





Therefore 


dt/ = C^dT 

holds good for an ideal gas in any process (even when the volume changes). But 
for any other substance 

dt/=C^dr 

is true only when the volume is constant and d F = 0. 

Similarly 

d/Z^rdS-f- V6p 



r<is=Cpdr-r 






C,dT+ y 





3r 


4p 


( 11 . 15 ) 


(^H 


3 


V-T 


hV 




P h 


3r 


( 11 . 16 ) 


p 


As shown for internal energy, it can be similarly proved from Eq* (11.16) that 


the enthalpy of an ideal gas is not a 



or pressure 


i.e. 




\ 



0 and 


/T 


^'1 
/ 



T 


but a function of temperature alone. 
Since for an ideal gas, pV =nRT 


f 


and 


V-T 




0r 


Q 


p 


the relation 6H^ Cp dr is true for any process (even when the pressure changes). 
However, for any other substance the relation 6H Cp d r holds good only when 
the pressure remains constant or 

(b) Thermal rediation in equilibrium with the enclosing walls possesses an 
energy that depends only on the volume and temperature. The energy density {u\ 
defined as the ratio of energy to volume, is a function of temperature only, or 

U 


« = -p- =f(T) only 



toa 


photon gas and it exerts a pressure, and the pressure 
body radiation in an enclosure is given by 



by the 



P 


u 

3 


Black-body radiation is thus specified by the pressure, volume, and 
temperature of the radiation. 
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or 


U 


bT* 


where bis a constant. This is known as the Ste/an-Boltzmann Law. 


Since 


t/=KF= VbT* 


and 


3r 

(Ip 

[ 3r 




V 


1 



V 


3 dr 


4 

3 


bT 


3 


from the first equation 


rds = Cvdr+r||£j 


dV 


V 


= 4VbfdT+ -bT*-dy 

3 

For a reversible isothemial change of volume, the heat to be supplied reversibly 


to keep temperature constant 
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For a reversible 



of volume 


4 

3 


bT*dV 


4VbT^6T 


or 


d^ 

V 

Vf 


3’ 


dr 


T 


c onst. 


If the temperature is one-half the original temperature, the volume of black- 
body radiation is to be increased adiabatically eight times its original volume so 
that the radiation remains in equilibrium with matter at that temperature. 


11,7 Joule-Kelvin Effect 

A gas is made to undergo continuous throttling process by a valve, as shown in 

Fig. 1L2. The pressures and temperatures of the gas in the insulated pipe 
upstream and downstream of the valve are measured with suitable manometers 


and thermometers. 
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Fig* 11*2 Joule-Thamson esspamim 
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Let pj and be the arbitrarily chosen pressure and temperature before 
throttling and let them be kept constant. By operating the valve manually, the gas 
is throttled successively to different pressures and temperatures 

Tfj and so on. These are then plotted on the T-p coordinates as shown in 
Fig. 11.3. All die points represent equilibrium stales of some constant mass of 


gas, say, 1 kg, at which the gas has the same enthalpy. 
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The curve passing through all these points is an isenthalpic curve or an 
isenthaipe. It is not the graph of a throttling process, but the graph throngh pobts 

of equal enthalpy. 

The initial temperature and pressure of the gas (before throttling) are then set 
to new values, and by throttlbg to different states, a family of isenthalpes is 
obtained for the gas, as shown m Figs 11.4 and 1LS. The curve passmg tiuough 
the maxima of these isenthalpes is called the inversion curve. 

The numerical value of the slope of an isenthaipe on 
pobt is called ^tJQule~Keivin coefficient and is 
all points at whichPj is zero is the inversion curve. The 
curve where Pj b positive is called the cooling re0on and 
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The difference in enthalpy between two neighbouring equilibrium states is 

d/j - rdy + 



and the second rd5 equation (per unit mass) 

(dv' 

IdrJ 


7’ds = Cpdr-r 
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The second term in the above equation stands only fora real gas, because for 


an ideal gas, d/i = c„ dT. 
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There no change in temperature when m idea^ gas is made to undergo a 
Joule-Kelvin expansion (i.e, throttiing)* 

For achieving the effect of cooling by Joule-Kalvin expansion, the initial 
temperature of the gas must be below the point where the inversion curve 
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intersects the temperature axis, i*e. below the maximum inversion temperature. 


For nearly all substances, the 




um inversion temperature is above the 


nonnal ambient temperature, and hence cooling can be obtained by the Joule- 
Kelvin effect In the case of hydrogen and helium, however, the gas is to be 
precooled in heat exchangers below the maximum inversion temperature before it 
is throttled. For liquefaction the gas has to be cooled below the critical 
temperature. 

Let the initial state of gas before throttling be at A (Fig. 11.6). The change in 
temperature may be positive, zero, or negative, depending upon the final pressure 
after throttling. If the final pressure lies between A and B, there will be a rise in 
temperature or heating effect 1 f it is at C, there will be no change in temperature. 


If the final pressure is below there 


be a cooling effect ind if the final 


pressure is pjy, the temperature drop will be - T^). 

Maximum temperature drop will occur if tl^ initial state lies 


inversion 


curve. In Fig. 11,6, it is 
The volume expansivity i 
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S o the Joule-Kelvin coefficient /ij is given by, 


Eq. (11.17) 
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For an ideal gas 
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and //j - 0 


There are two inversion temperatures for each pressure, e.g. Tj and 7*2 at 

pressure p (Fig, 11.4). 
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11.8 Clausius-Clapeyron Equation 


During phase transitions like melting, vaporization and subUmation, the 
temperature and pressure remain constant, white the entropy and volume change. 
If X is the fraction of initial phase i which has been transformed into flnal phase/, 
then 


j = (i + jtj 




r = (1 - jt) -^XD 

where s and v are linear functions of 

For reversible phase transition, the heat transferred per mole (or per kg) is 
latent heat, given by 
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which indicates the change in entropy* 
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A phase change of the first order is known as 

the following requirements: 

(a) There Me changes of entropy and volume. 

(b) The first-order derivatives of Gibbs 
Let us 

phase i to phase/ Using the fir^ TdS equation 



phase change that satisfies 
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for the phase transition which is reversible, isothermal and isobaric, 



integrating over the 
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The above equation is known as the Clattsius-Clapeyron equati* 
The Clausius-Clapeyron equation can also be derived in another 


For a reversible process at constant T and /?, 
constant Therefore, for the first-order phase change 
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and for a phase change at 7+ dF and p-^ dp (Fig. 1L7) 
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where is the latent heat of fusion, the first prime indicates the 
state, and the second prime the saturated liquid state. The slope 
curve is determined by {v" - since lf^^ and T are positive. If the substance 





expands on melting, n" > n', the slope is positive. This is the usual case, 
however, contracts on melting and has the fiision curve with a negative slope 

(Fig. 11.8). 

For vaporization 
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where /^.^p is the latent heat of vaporization, and the thrid prime indicates the 


saturated vapour state. 
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At temperatures considerably below the critical 
using the ideal gas equation of state for vapour 
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If the slope dpldT at any state (e.g. point pi^ 7^ in Fig. 11.8) is known, the 
latent heat of vaporization can be computed from the above equation. 

The vapour pressure curve is of t he form 


lnp = A + — +ClnT+DT 

T 

where C and D are constants. By differentiating with respect to T 


li£ = _4+C.^ (1(20) 

p dT T 

Equations (11.19) and (11.20) can be used to estimate the latent heal of 
vaporization. 

Clapeyron’s equation can also be used to estimate approximately the vapour 
pressure of a liquid at any arbitrary temperature in conjunction with a relation for 
the latent heat of a substance, known as Trouton rule^ which states that 



88 kj/kgmo! K 


where A fg is the latent heat of vaporization in kJ/kgmol and AFg is the boiling 
point at 1.013 bar. On substitutuig this into Eq. (11.19) 
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This gives the vapour pressure p in kPa at any temperature T, 
For sublimation 
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the slope of logp vs. 1/rcurve is 
At the triple jraint (Fig. 9.12), 
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Therefore, the slope of the sublimation curve at the triple point 
that of the vaporbation curve (Fig. U. 8). 


11.9 Evalu^on of Thermodynaitiic Properties 

an Equation of State 


( 11 . 21 ) 



(11.23) 




Apart from calculating pressure, volume, or temperature, an equadon of state can 
also be used to evaluate other thermodynamic properties such as internal energy, 
enthalpy and entropy. The property relations to be used are: 
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Integrations of the differential relations of the properties p, v and T in the 
above equations are carried out with the help of an equation of state. The changes 
in properties are independent of the path and depend only on the end states. Let us 
consider that the change in enthalpy per unit mass of a gas from a reference state 
0 at/7(|, To having enthalpy, to some other state BdXp,T with enthalpy A is to be 
calculated (Fig. 1L9). Ihc reversible path 0^ may be ri^laced for convenience 
by either path ^-a-B or path 0-6-S, both also being reversible. 

Path 0-a-B: 


From Eq. 11.25, 
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On addition. 






Similarly, for 
Path 0-b-B: 
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(11.28) 


Equation (11.27) is preferred to Eq. (11,28) since Cp at lower pressure can be 
conveniently measured. Now, 



Substituting in Eq. (11.27), 


(11.29) 
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To find the entropy change, Eq, (11J26) is integrated to yield: 
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11.10 General Thermodynatitic 

an Equation of State 



on 


Certain general characteristics are common to all gases. These must be clearly 
observed in the developing and testing of an equation of state. It is oUfying to 
discuss briefly some of the more important ones: 

(i) Any equation of state must reduce to the ideal gas equation as pressure 
approaches zero at any temperature. This is clearly seen in a generalized 
compressibility factor chart in which all isotherms converge to the point z = 1 at 

zero pressure. Therefore ^ 
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RT 


1 at any temperature 


Also, as seen from Fig, 1 b,6, the reduced isothemis 
the temperature approaches infinity, or: 



the line z= I as 
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RT 



1 at any pressure. 


(ii) The critical isotherm of 
inflection at the critical point 



should have a point of 
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(iii) The isochores of an equation of state on a p-T 



should be 


essentialiy straight, or: 
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constant. 
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0 as p 



0, or as T 



An equation of state can predict the slope of the critical isochore of a fluid. 
This slope is identical with the slope of the vaporization curve at the critical 
point. From the Ciapegron equation, dp/dT=As/An, the slope of the vaporization 
curve at the critical point becomes: 


dT 
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dp 
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dT 


(by Maxwell' s equation) 


Therefore, the vapour-pressure slope at the critical point, dp/dr, is equal to the 
slope of the critical isochore 0pld 7),^ (Fig. 1L1D), 
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fig. 11.10 Fnssure-temperature diagram with 



Urtes 


(iv) The si opes of the isotherms of an equation of state on aZ-p eompressibility 
factor chart as p approaches zero should be negative at lower temperatures and 
positive at higher temperatures. At the Boyle temperature, the slope is zero as p 
approaches zero, or 



An equation of state should predict the Boyle lemperature which is about 2.54 
for many gases. 

An isotherm of maximum slope on the Z -p plot as p approaches zero, called 
the foldback isotherm^ which is about 5 for m^y gases, should be predicted by 
an equation of state, for which: 


1 °0 at 

p^oLdr-dp J 

where Tp is the foldback temperature (Fig. 10 J 0 a). As temperature increases 
beyond the slope of the isotherm decreases, but always temams positive, 

(v) An ^uation of state should predict the Joule-Thomson coefficient, which 
is 
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For the inversion curve, /tj = 0, 


or, 


3r 
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1].1I Mixtures of Variable Compositioii 


Let us consider a system containing a mixture of substances 1,2,3,.. K, If some 
quantities of a substance are added to the system, the energy of the system wit! 
increase. Thus for a system of variable competition, the internal energy depends 
not only on S and F, but also on the number of moles (or mass) of various 
constituents of the system. 

Thus 

U= U(S, V,n^tn2y 

where Wj, ttjt are the number of moles of substances 1, 2, The 


composition may change not only due to addition or subtraction, but also due to 
chemical reaction and inter-phase mass transfer. For a small change in 
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where subscript i indicates any substance and subscript J any other substance 
except the one whose number of moles is changing. 

If the composition does not change 


dU=TdS-pdV 


dU 

3s 


r, and 


V.n 


dv 




* * 


iU~TdS-piiV+ 


IS 


d/t^ 


Sp V.nj 


Molal chemical potential^ iL of component i is defined as 
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signifying the change in internal energy per unit mole of component i when 5, K, 
and the number of moles of all other components are constant. 
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d t/= TdS - pd r + T ckj 
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(11.33) 
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This is known as Gibbs entropy equation. 
In a similar manner 
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Comparing this equation with Eq. (1L32) 
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Equation (1134) 
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Similar equations can be obtained for changes in/f and F. 
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where 














Chemical potential is an intensive property. 

Let us consider a homogeneous phase of a multicomponent system, for which 


K 

W = - pAV + Y, 

i-1 

If the phase is enlarged in size, t/, 5* and V will increase, whereas T, p and p 
will remain the same. Thus 

At/ = TAS -ptkV+ 

Let the system be enlarged to JiT-times the original size. Then 

AU = KU- U= (K-J)U 
AS = KS-S=^(K- \)S 
AV^{K-l)V 
Artj = (K- l)ffi 

Substituting 

{K- I)U=T(K- l)S-p(K- 1) V+ZPi{K- 1)?!^ 

pV + Zp^n^ 

= (11*37) 

Let us now find a relationsliip if there is a simultaneous change in intensi ve 
property, Differentiatiiig Eq, (11,37) 

dG = Zrtj (1L3S) 

at constant T and p, with only p changing. 

When r and p change 

dG = -Sdr+ Vi^'^Zpidft^ (11,39) 

Combining Equations (11.38) and (11,39) 

-SdT+ Vdp-Znidp^ = 0 (11.40) 

This is known as Gibbs-Duhem equation, which shows the necessary 
relationship for simultaneous changes in 7, p, and p. 

Now 
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11.12 Conditioiis of Equilibrium of u 

Heterogeneous System 

Let us consider a heterogeneous system of volume V, in which several 

homogeneous phases ( ^ a, h, „„ r) exist in equilibriuin. Let us suppose that 

and that the numher of 



each phase consists of j(= 1, 2^ .. -, C) 
constitutents in any phase is different from the others, 
Within each phase, a change in internal energy i s 
entropy. 
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A change in the internal energy of the entire system can, therefore, be 
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Also, a change in the internal energy of the entire system involves changes in 
the internal energy of the constituent phases. 


Likewise, 
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In a closed system in equilibrium, the internal energy^ 



, entropy, an d 
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where subscript j includes all phases except phase a 
Equation (11 *41) can be written in terms of / i 
dependent variable a (Equation 11.42) 
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Substituting from Eq. {11.42) 
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where subscript * a refers to 
Rearranging and combining 
d Vi and d/ij, gives 
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But since dSj, dl^j, and dnj are 



1 

, their coefficients must each be 


equal to zero* 
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(11.43) 


These equations represent conditions that exist when the system is in thermal, 
echanical, and chemical equilibrium* The temperature and pressure of phase a 
must be equal to those of all other phases, and the chemical potential of the ith 
conqmnent in phase o must be equal to the chemical potential of the same compo¬ 
nent in all other phases. ^ 
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11.13 Gibbs Phase Ride 


Let us consider a heterogeneous system of C c hemical constituents which do not 
combine chemically with one another. Let us suppose that there are ^ phases»and 
every constituent is present in each phase. The constituents are denoted by 


substripts and the phases by superscripts. The Gibbs function of 


heterogeneous system is 











G is a function of T, and the n*s of which there are C0 in number. Since there 
are no chemical reactions, the only way in which the w's may change is by the 
transport of the constituents from one phase to another. In this case the total 
number of moles of each constituent will remain constant. 

= constant 
= constant 
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These are the equations of constraint. 

At chemical equilibriuna, G will be lendered a minimum at constant 



subject to these equations of constraint At equilibrium, from Eq, (11.43). 






■ 
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These are known as the equations of phase equilibrium . The equations of the 
phase equilibrium of one constituent are (^ - 1) in number. Therefore, for C 
constituents* there are - 1) such equations. 

When equilibrium has been reached* there is no transport of matter from one 
phase to another. Therefore* in each phase* Ex = 1. For ^ phases, there are ^ such 
equations available. 

The state of the system at equilibrium is determined by the temperature, 
pressure, and mole fractions. Therefore 

Total number of variables - + 2. 

Among these variables, there are C{<p - 1) equations or phase equilibrium and 
d equations of Ex = 1 type. Therefore 

Total number of equations = C(0 - 1) -J- ^ 

If the number of variables is equal to llie nuinber of equations, the system is 
nonvarianL If the number of variables exceeds the number of equations by one, 
then the system is called monovariant and is said to have a variance of 1. 

The excess of variables over equations is called the variance^ f. Thus 
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This is known as the Gibbs Phase Rule for a non-raactive system. 







y' is also known as the degree of freedom. 

For a pure substance existing in a single phase, C = 1, 
variance is 2. There are two properties required to be known to 
the system at equilibrium. 




state of 


If C = 1,^-2, then f- 1, i.e. only one property is required to fix up the state 


of a single-component two-phase system. 

If C = 1, ^ * 3, then0. The state is thus unique for a substance; and refers 
to the triple point where all the three phases exist in equilibrium. 


11.14 Types of Equilibrium 
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the particular cortstrairtis imposed on the system. Let d ^ be the amount of heat 
transfer involved between the system and the reservoir in an i 
irreversible process (Fig. ILII). Let 

dS denote the entropy change of the ( 

system and 6Sq the entropy change of 
the reservoir. Then, from the entropy 

principle 
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a sysim and its surroundings 
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or dQ-TdS<0 

During the infmitesimal process, the internal energy of the system changes by 
an amount dC/, and an amount of workpd K is performed. So, by the first taw 

6Q = dU+pdy 



dU+pdy-TdS<0 

If the constraints are constant U and K then the Eq. (11.46) 

dS>0 


(11.46) 



The condition of constant U and V refers to an i solated system. Therefore, 
entropy is the critical parameter to determine the state of thermodynamic 
equilibrium of an isolated system. The entropy of an isolated system always 
increases and reaches a maximum value when equilibrium is reached 






Basic 



If the constraints imposed on the system are constant T and the Eq* {11 *46) 
reduces to 

dU-d{TS)<(y 
or d( U-TS) < 0 

dF<0 

which expresses that the Helmholtz function decreases, becomming a tninimum 
at the final equilibrium state. 

If the constraints are constant T and p, the Eq. (11.46) becomes 

dt/ + dCpV)-p<I5)<0 
d(U-\-pV-^TS)<0 

dG<Q 


The Gibbs function of a system at constant T and p decreases during an 



a minimum at 






a 


system constrained in a process to constant T and G is the critical parameter to 
detennine the state of equilibrium. 

The thennodynaniic potential and the corresponding constrained variables are 
shown below* 



This trend of G, f, or 5 establishes four types of equilibrium, namely (a) stable, 

(b) neutral, (c) unstable, and (d) metastable* 

A system is said to be in a state of stable equilibrium if, when the state is 
perturbed, the system returns to its original state. A system is not in equilibrium if 
there is a spontaneous change in the state. If there is a spontaneous change in the 
system, the entropy of the system increases and reaches a maximum when the 
equilibrium condition is reached (Fig* 11.12). Both A and B (Fig. 11*13) are 
assumed to be at the same temperature T. Let there be some spontaneous change; 
the temperature of A rises to T + dFj, and that of B decreases to T - dT^. For 



Fig* 11. L2 PmsiM£ pTocta jhr an 

isolated system 



l3Dlaled system 



SpojUaneous changes in A 
and B due to heat inktaetion 
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m 


simplicity^ let ^e heat capacities of the bodies be 

&Q is the heat interaction i 





dr,. If 



dS 


AQ 


A 


r+dr 



B 




r-dr 


H.v = d5* "t" diS 


B 



1 


I 


7* + dr 


r-dr 


2'dr 


r 







So there is a decrease in 
is thus clear that the variation in temperature dr cannot take place 



system, 


therefore, exists in a stable equilibrium condition. Perturbation of the state 
produces an absurd situation and the system must revert to the 




state. It may be observed: 

If for all the possible variatiotis in state of the isolated system, there is a 

negative 



in entropy, then the system is in 

(dSXiy > 0 




V 

V 


0 



(11.47) 


< 




Similarly 


idG) 

(dG) 


P.T 

P.T 



0> 






P.T 


> 0 , 



V 


.V 

.V 




Spontaneous change 




(11.48) 


> 








A system is in a state of stable equilibrium if, for any 
system at constant T and p, G increases, i,e. the stable equilibrium 

corresponds to the minimum value of G, 

A system is said to be in a state of neutral equilibrium when the 
thermodynamic criterion of equilibrium (G, V or M) remains at constant 

value for all possible variations of fmiie magnitude. If pertuibed, the system does 
not revert to the original state. 

For a system at constant T and the criterion of neutral ^ui librium is 


SG 


T.P 


0 


Similarly 


SFjy — 0, p ” ^^s,v ” ~ 



A system is in a state of unstable equilibrium when the 
criterion is neither an extremum nor a constant value 
the system. If the system is in unstable equilibrium, there will be a spontaneous 
change accompanied by 


^^T.p ^^T,v ^ ^^\iy ^ ^ 

A system is in a state of metastabie equilibrium if it is 



to small but not 


to large disturbances. A mixture of oxygen and hydrogen is in a 






equilibrium. A little spark may start a chemical reaction. Such a mixture is not in 

its most stable state, even though in the absence of a spark it appears to be stable. 



11,14 








with thebr 


mechanical analogies. S has been used as the criterion for equilibria 





Stable Unstable Neiitml Composition 

Metastabio 


Fig. 11.14 Types rfequ ilibrium 



Let an arbitrary division of an isolated system be considered, such that 

S = Si + S2.U=Ui^U2 
Then for equilibrium, it must sati sfy the condition 




V 


0 


to first order in small displacements (otherwise 5S could be made positive 
because of higher order terms). Now to the first order in a very small change 







Tkermodynamk RelutionSt Equilibrium and Third Law 



11.16 Conditioiis of Stability 


At equilibrium* 5 “ ^ ” ^min. -Q,SF- D; SC = 0: these 

are necessary but not suHlcient conditions for equilibrium. To prove that 5 is a 



maximum* and G or F a minimum* it must 

d^S<Q, d^F>Q, $^G>0 

If the system is perturbed^ and for any infinitesimal change of the system 


0^hj,v ^ 



pJ 


> 0 * 



>v 


>0 


it represents the stability of the system. The system must revert to the 



state. 


For a spontaneous change* from Eq. (1L 



SU+pSV-TSS<0 


For stability 


6U-^pdV-TSS>0 


Let us choose U = t/(5* V) and expand 5fy in powers of and SS 


SU 


3s 


5s+ 


2 I 3s^ 


/V 


(5s)* + 


Jv 


.dv 



s 




if ^ 

2 I 


{5vf + 


3’t/ 


s 




5f"-5s+ 


r5S-p5f^+4f4^| (5S)^ 


2 I 3s^ 


V 


4- 


1 

2 







h 


3k-3s 





The third order and higher terms are neglected. 

Since SV+pSv - > 0, it must satisfy the conditions given below 


f'3^t/ 

,3FJ 


> 0 , 


V 




> 



s 


dvds 


>0 


These inequalities indicate how the signs of some important physical quantities 
become restricted for a system to be stable. 


du 

[dS 


T 


V 


3V) 

3S^ J 


V V 

T 


(dT 
3S 




T 


/V 


C, 


C 


>0 


’r ■ i V IT- €iltli- h ^ ^hui- 


■ri 


Since 
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1 


Since T> 0 K 


Cv>0 


C1L49) 


which is the condition of thermal stability 


Also 


dV 


'P 


d-u 




By 


Bv 


<0 


(11.50) 


i. e. the adiabatic bulk modulus must be negative. 

Similarly, if f'= f (7- then by Taylor's expansion, and using 
substitution 


SF 


SST 


(SV)^+ — 

+ " ^ ■5V-ST +... 

dvhT 




{fin 


For stability 


SF+SST+pSV>0 


Again 


Jt 

= 

By), 


>0 


-p 




T 




01^ 


0 


T 


(11.51) 


which is known as the condition of mechanical stability. The isothermal bulk 
modulus must also be negative. 


11.17 Third Law of Thermodynamics 

From Kelvtn-Planck statement of second law, it can be inferred that by the use of 
a finite number of cyclic heat engines, absolute zero temperature cannot be 
attained. But third law is itself a fundamental law of nature, not as derivable from 
the second law. As the other laws (zeroth, first and second), the third law also 
cannot be proved. It is always found to be obeyed by nature and not violated. 

'r ■ ' .T- Ml; h r,- - ,iuL 
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by producing liquid helium. Still lower temperatures cim be attained by adiabatic 

demagnetisation of a pEiramagnetic salt, 

Temperatures as low as 0.001K have been achieved by magnetic cooling. The 

magnetic properties of a substance can be 
the substance is repelled by a magnet, or paramagnetic such as iron, which is 
attracted by a magnet. A paramagnetic salt, such as gadolinium sulphate is used 

for magnetic 




When the salt is cooled to a very low temperature, its 


molecules act as tiny magnets 
field. 



to a magnetic 


In 1926—27, Giaque and Debye independently suggested that the low 



of temperature below 1K. Original experiments were conducted at Berkeley and 


at 





in magnetic cooling low temperatures are achieved by adiabatic 
demagnetisation of paramagnetic salts. The actual process consists of four steps: 


1 


paramagnetic salt is cooled slightly below IK by surrounding 


liquid helium boiling under reduced pressure 


2, Then a 



gauss IS 



ied. This makes 


the magnetic carriers, t.e., paramagnetic ions orient themselves parallel to 

the direction of the field. This realignment of atoms requires work. This 

work is converted into internal energy increase, which is taken up by the 
evaporating helium. 

3, The salt is thermally insulated from the helium bath, 

4, Finally, the magnetic field is removed, 
which requires energy. This energy is obtained by the salt 
cooler in the process. 

This process of adiabatic demagnetisation is almost reversible, and the entropy 
remains constant. 

The salt is 




still 




by a fine nylon thread inside the salt tube such that it does not 
touch the sides (Fig. 11.15). The salt is first cooled to about IK by reducing the 
pressure of liquid helium. Next, the salt is exposed to a strong magnetic field of 
about 25000 gauss. Heat produced by magnetisation of the salt is transferred to 

the 







increase in salt temperature. With the 

magnetic field still present, the inner chamber containing the salt is evacuated of 
gaseous helium. The salt is then almost completely thermally isolated upon re¬ 
moval of the magnetic field, Mid the salt temperature decreases in an almost 
perfectly isentropic way. Temperatures of the salt as low as 0.00 IK have been 

reported. 

An interesting and important problem in adiabatic demagnetisation is the 
determination of the very low temperatures produced- In the nei^bouihood of 
absolute zero all ordinary methods of temperature measurement fail. The 
temperature may be calculated approximately by the Curie ’ s law, 

x = aT 
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Fig, 11,15 Adiabatic demagnetisaikn of a parama^tk salt 


where x is the magnetic susceptibility of the salt, T is the absolute temperature 
and C is the Curie's constant. Through magnetic measurements, the absolute 
temperature may be calculated. 

The fundamental features of alt cooling processes is that the lower the 
temperature achieved, the harder it is to go still lower. 

Experiments indicate that the final temperature Tj achieved by adiabatic 
demagnetisation is roughly proportional to the initial temperature 7]. If the first 

demagnetisation produces a temperature one half that at the start (rf = |7i].the 

second demagnetisation from the same initial field will cut the temperalure in half 
again and so on* Eventually, an infinite number of adiabatic demagnetisations 
would be required to attain absolute zero. 

Generalizing from experience, we may accept as true the statement that: 

“It is impossible by any procedure, no matter how idealized, to reduce any 
condensed system to the absolute zero of temperature in a finite number of 
operations”. 


Urhcbc-rrcchtlich geschLitzles W aleria! 
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This is the principle of the unattainability of absolute zero, called theFoWer- 
Guggenheim statement of Thrid iaw. 

Any isothermal magnetization from 0 to//j (magnetic intensity) such as Jt - ^ 
f - 12 etc. is associated with a release of heat^ i.e.^ a decrease in entropy 
(Fig* 11,16). The processes “/21 * 3^/3 etc. represent reversible adiabatic 

demagnetisations with temperature getting lower and lower. Repeated cycles of 
isothermal magnetization and adiabatic demagnetisation would bring about a very 


low temperature. It is seen that {5(7', H^) -5(r* 0)} decreases as the temperature 


decreases, i.e., A5]|[ < < A5|, It is accepted horn experimental evidence that: 

'The entropy change associated with any isothermal reversible process of a 

condensed system approaches zero as the temperature approaches zero"'. 


That is, lim ASr 

“ 0 



0* This is called the Nernst-Simon statement of third law. 


The condensed system here refers to a solid or liquid* 

Just tike the proof of the equivalence of the Kelvin*Planck and Clausius 
statements of second law, it can also be shown that the Fowler Guggenheim and 
Nemst-Simon statements of third law are equivalent in all respects (see 
Zemansky), The violation of one statement implies the violation of the other. 
Now, it can be seen (Fig* 11,16) that in the process k-i^t entropy decreases by 
a certain amount, in f'l - f entropy remains constant, mf -12 entropy decreases 
further, and so on. If the entropy of the system at absolute zero is called Ihezero- 

point entropy, a third equivalent statement of third law can be expressed as 
follows: 

“It is impossib le by any procedure, no matter how idealized, to reduce the 
entropy of a system to its zero-point value in a finite number of operations’’. 
There are many physical and chemical facts which substantiate the third law. 
For any phase change that takes place at low temperature, Clausius-Clapeyron 

equation: 



holds good. From third law, [Im j|) = 0 and sinc^t^j: - is not zero, it shows 

that: 


lim = 0 

r-»o dr 



This is substantiated by all known sublimation curves. It is 

AG = ^H-TAS 

Experience shows that the last term is very small, particularly at low 


temperatures (Fig. 11.17) leading to 


lim AC 
r-^o 


AH 


(11.52) 


which confirms that lim AS = 0 as T 



0 . 
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Fig. 11.16 T-H and T-S diagram of a para magnetk subsiana to show 

the equivaience of three statements of the third law 
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From the Gibbs-Helmholtz equation 


AG = Aif- T 


BAG 

Bt 



(11.53) 




since lim (AG - AH) 0 as J 



0 , 


lim 


bag 

- Bt 


0 or Um A5 = 0 as r 






Again, 


lim 


AG-Ah 

T 


I- 9g „ 

iim as T 

Bt 



0 


(11 * 54 ) 


By L'HospitaFs rule^ the left hand side is equal to: 


lim 


Bg 




Bt 


Bh 

Bt 


lim - lim c_ 

Bt ^ 


{IL55) 


Therefore, at absol ute zero we must have for any system 


lim Cp = 0 as r 



0 


{IL56) 


and similarly, using the Gibbs* 



limC 



as 



0 


(11*57) 


At very low temperatures, Debye showed that; 


c=c,=464.4 


(11.58) 


where 6 is the Debye temperature, a characteristic of a gi ven substance. Thus, for 


any material 


Cp = Cv = Kf 

c. = c, = 0. 


(11.59) 


'r ■ ' . rr- h ; Thiji- 


and at r = 0, 




Solved Examples 



(b) Prove that Cp of m ideal gas is a function of T only. 

(c) In the ease of a gas obeying the equation of state 




RT 


I + 



where is a function of T only^ show 



C 


p 


RTp 


d 


2 


dr 


2 






where (Cp)t, is the value at very low pressures. 

Solution 






Proved. 



<c) 
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Example llJi The Joule-Kelvin coefficient /ij is a metsure ofttie temperatwre 

change during a throttling process, A similar measure of the temperature change 
produced by an isentropic change of pressure is provided by the coefficient /i,, 
where 


Prove that 



Solution 

b 





The Joule-Kelvin coefficient/Xj, is given by 



Since Cp 



and by Maxwell's relation 



r 


iT- €iitli- h 


chui- 


■ri 



namics 




Alternative method: 

From the second T6S equation 


TdS = CpdT-T 



Proved. 



Eacample 113 If ihe foiling point of benzene at 1 atm pressure is 353 fC, 
estimate the approximate value of the vapour pressure of benzene at 303 K. 
Solution Using Clapeyron's equation and Trouton* s rule, £q. (1L21), 




Example 11A The vapour pressure, in mm of mercury, of solid ammonia is 

given by 


Inp ^ 23.03 ^ 



and that of liquid ammonia by 




(a) What is the temperature of the triple point? What is the pressure? (b) What 

are the latent heats of sublimation and vaporization? (c) What is the latent heat of 

fusion at the triple point? 
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Solution At the triple pointy the 



satuiBted liquid lines meet. 


23.03 


* * 


3754 

r 


19.49 


3063 


T 




T= 195.2 K 


\np = 23.03 


Inp = 3. 


3754 

195.2 



p = 44.67 mm Hg 


(a) 





i/ andu 





P 


Clausius-Clapeyron equation reduces to 


dr 


P 


RT 


2 


where 4^,^ is the latent heat of sublimation. 

The vapour pressure of solid ammonia is given by 


« + 


In = 23.03 


3754 

T 


1 



dr 


p dr 

3754^ 

t1 


3754 

tp2 



RT 


2 *4ufe 


/ 




3754 X 8.3143 = 3!,200 kJ/kgmol 


The vapour pressure of liquid ammonia is given by 


Inp- 19.49 



^ =3063-^ 

dr r^ 


r 

p 


RT 


I 


2 


when is the latent heat of vaporization 

7^-3063x 8.3143-25,500 



At the triple point 


4ub ” ^vap ■*" ^fii 


where 7j^ is the latent heat of fusion. 

^fu ” ^S«fe ” A™p 

= 31, 


Ans. (h) 


Ans, (b) 



25,500 = 5, 



kJ/kgmol 


A ns. (e) 


Explain why the specific heat of a saturated vapour may be 


r 


r -htli- h 


Example 11^ 

negative. 
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Solution As seen in Fig, Ex. lU, i 



is tiansferred along the saturation 


line, there is a decrease in temperature. The slope of the saturated vapour I ine is 
negative, i,e. when 4S is positive, dT is negative. Therefore, the specific heat at 
constant saturation 


/ 


C 


w 


T 


is 


m \ 


I iT J 


is negative. From 




TdS 


equation 


c,dr-ri|^ 



P 


T 


dS" 

dr 


c 




T 


dV 




V 


dr 




p 


dT 




J 



C 




T- 


nR 


I 


vip 



m 







p Clapcyron’s equation] 




V 


c .JuI.J2L r.. Y 

J. yi^ I' ^ 





r'l 




c 


/ 





T 


Now the value of /_ fT for common substances is about 83.74 J/g mol K 


vip 


(TVoufon "s rule), where Cp is less tha 

nagative. 


Example 11,6 


4L87 J/g mol K. Therefore, can be 

Proved. 



that is impervious to the flow of matter. 

(b) 1 f the wall were rigid and diathermat 


and impermeable to all others, state 

system. 



to one type of material, 

composi te 



i ons of state 


’r . ' 


rr- ■ liui 
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where R =8-3143 kJ/kg mol K, and the subscripts indicate systems 1 and 2* The 
mole number of the first system is = 0,5, and that of the second is = 0.75. 
The two systems are contained in a closed adiabatic cylinder, separated by a 
movable diatherma! piston. The initial temperatures are Tj = 200 K and T 2 = 
300 K, and the total volume b 0.02 m^. What is the energy and volume of each 
system in equilibrium? What is the pressure and temperature? 

Solution For the composite system, as shown in Fig. £x. 11.6 (a) 

t/j + 1^2 ” constant 
+ F 2 = constant 

The values of C/j, would change in such a way as to maximize 

the value of entropy. Therefore, when the equilibrium condition is achieved 

d5 = 0 




Movable diathemnal 
wall tmpervk)us to 
the flow of rnatter 
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asj 

ac/. 


dU,+ 


Vz.-.Nk, 


I 


d& 


dV. 


I /V,.. 


Nkj... 


Since dU, + dU- 


“dU, + ^dV, + ■ 

Ti Ti 

0 anddK, + dK, = 0 


+ —dL/, + -^ 

r, ^ r. 


T. 


r,J 171 


El 

T, 


0 


Since the expression must vanish for arbitrary and independent values ofdU 


and d V 


T. 


T. 


0 and 


El 


T. 


0 


or 


P\ ~ Pi ^ ^I 


T- 



4 « I 


(b) We will consider the equilibrium state of two simple subsystems 
(Fig. Ex, 1 1 ,6 (b)) connected by a rigid mi diathennal wall, permeable to one 
type of material (N ^) and impermeable to all others iVs,,, - We thus seek 

the equilibrium values of t/j and of 1 / 2 ^ and of and Ni _2 (i,e, mateiiai JV^ in 

subsystems 1 and 2 respectively,) 


pm • 


in entropy is zero 


Now 


dS = 0 

d5 “ <i5| dj^ ^ 

=f-^l 

Jvj. 

{ dU, J., 


dU,+ 


^ 1 - 1 ’ ■ 




1-1 




dU2 + 


2 /V3,Ni.2.„ 


^^1-2 ^2,V2,N3.2 


m 


1-2 


From the equation 


TdS^iU+pdV-fidN 


dU 


v,K 


L (II 

r*l dN 


U.V 


T 


and 


+ dN^^i " ^ 

d£/i + dC/2 = 0 


dS 


Ti 


7 ; 


dC/i 


Ek 

T 


“2 


Tr 


diVi. 


0 


As dS must vanish for arbitrary values of both di/| and 


1-1 


T 


r- 


Pl-i=P\-2 


IT- h - L i ml 


I 
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which are the conditions of thermal and chemical equilibrium 


(C) 


iVj = 0.5 g mol, ^2 ~ S 

= 200K, Ji_2 = 300K 


T 


1-1 


V= V^^V2 = 0.02 m 
t/, + t;,= 


3 


constant 


AC/| + At/; 0 

Let Tf be the final temperature (Fig. Ex. 1L 6 (c)) 


(C/f- 


1 




- t^L- 2 ) 


3 

2 


RN,{T,-T,_,) 


o.5(rf 


3 

2 


RN2(T,-n_2) 





or 


1.25 rf=325 

rf=260K 


a 


f-l 


3 

2 


RNiTf 


3 

2 


X 8,3143 X 0,5 X 10 ^ X 



a 


f -2 


- X 8.3143 X 0,75 xKT^x 260 



kJ 




RN.T 


Hf-l 


f-2 


Pf-l 


At equilibrium 

Pt-\ ^Pf -2 = Pr 


F 


^^2 ^f-2 


f -2 


PT-2 




4- F 


RT 


f 


f-2 


Pf 


(Ni = 0,02 m 


3 


8,3143x260 

Pf 


X 1.25 X 10 


-3 


0.02 m 


3 


8.3143 x 260x1,25x10 


-^3 




0,02 


kN/m 


3 


135 kN/m 


2 


1.35 bar 


+ * 


V. 


8.3143X0.5X10"* X260 


M 






f -2 


135 

0,02 - 0.008 = 0.012 m 


0,008 m 


3 


3 


Example 1L7 Show that for a van der 



s ga s 


(a) 


3c, 



dv j 


0 


T 


(b) {s2-Si)j = Rln 


V2-b 


V 


I 


1,629 kJ 
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(c) - b)^ = constant, for an i 



(d) C^^Cy 


R 


\-2a(v-bf/RTu 


3 


(e) (A 


1 

2 



1 




1 
V 


1 




1 


V 


2 / 


Solution (a) From the energy £q. (11,13) 


d^U 


dvbT 




Jt 


dv j 


J^P' 


P 


V 



37-' J 


+ 



97- 


V 


d^U 



dv-dr {dr^) 


V 


c 


bu) 

dr) 


dV 




dV-dT 



^P^ 


3r" J 


For a van der Waals' gas 



L3r 
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/ 




V V 



/T 


Cy IS 


P + 


a 


V 
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{v-b) = RT 


P 


RT 


a 


v-b 


V 
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(If) 


9c 
9z; 


0 


V 


/ 


\ 


V 


0 


/T 



(b) From the first Fdj Eq. (11.8) 


rds=c„dr+rf|^ I d» 


V 


and energy £q. (lLi3) 


dU 



T 


T 


(If )„ - 


dy -c 


dr 

T 


+ 


I 

f\ 




(du 

.'dv 
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Proved (a) 
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For van der Waals’ gas 


Jvj 


a 


V 


2 


cb 


dr If fl .j 

—- 4' ™ Idr 
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c. 


dr 


r 


+ 




V-b 


dv 


(J 
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WT 


n 1 1^3 - ^ 

J? In - 




(c) At constant entropy 


1 


r 


t7 - b 


or 


dr it dt» 

— + —‘ ^— 

r 


V 


b 


by integration, - b)^ - constant 


(d) 




T 


(k.] (k] 

[dTjAdTj 


p 


I Sf' 




+ p 


iv 


'l 



b 


dr R 

c.. -h —dv - 0 


0 


p 



From the equation 




Proved (b) 



Proved (d) 


' itpk: htl if^l^ 




* * 


Pmved (e) 



Example 11.8 Tht viHal equadon of stale of a gas is given by 


pv = RTil+B'p + Ci^+...) 

Show that 


lim 



dr 


V 


P 


HT 


2 dB' 


dT 


Hence, prove that the i 
the Boyle temperature. 

Solution 



der Waals’ gas is twice 


pv = RT(l-^B’p + Cp‘ + ...) 




Proved 






Tlurmodynamic Relaiions, Equiiibrium and Third Law 




Proved 


Example 11,9 Over a certain range of pressures and temperatures, the 
equation of a certain substance is given by the relation 



where C is a constant* Derive an expression for: (a) the change of enthalpy and 





in an 



Solution (a) From Eq* (1L15) 




dr+ 





1 

1 III 

: h 


1 




rr r\{\ 

1 


1 

• 


■ji 


446 





On substitution, 


4C 


r 


3 


{^2 - ^ i)t 



4C 


Pi 


T 


3 





Pih 



Tds 





p 


ds 


I 

T 


dv 

dT 


\ 


J 



p 


- + ^ I^Pt 

P ^ 




2 


*^1)7 



In 


Pt 


3C 


P2 


+ -Pih 



Example 11 JO 
rate of 1 .5 kg/s from 1 atm, 

rate 



reversibly and i 


atEiL Calculate tiie power 



at the 


run 




The gas is assumed to obey the Redlich-Kwong equation of state, for which the 


constants are: 


2 -r-lS 


fl- 0 . 



Pc 




0.08664 



For argon, T^- 151 K and = 4S 



Take R =0.082 



Solution 


Siibstitutk^ the values of 



a = 0.4274S 



2 



2.5 


1/2_6 


b 



48 

(S2)(15t) 

48 


16.8 X 10 


5 atm K cm 


afa 


(gmol) 


2 


224 


cm 


3 



Substituting the numerical values ofp^. 7 * 2 , a, b and R into the RedUch-Kwong 


equation 


P 


RT 


a 


3 


V- b 


2 




v(v + 6 ) 


v{ - 49.24 Vi + 335.6 », - 43,440 



from which we obtain 




Tkermodynamic fUlationSt Emtilihrium and Third Law 




we have 



Hence* 



According to Rediich-Kwong equation, we have, 




= (PjWj-/7,P,)-^-ta 

Substituting the numerical values, 

^2 - ^1 = - 11790 J/gmol 


(^2 ^b)fV2 

(v^ +h)/Vi 




For the Redlich-Kwong equation this becomes^ 



Substituting the numerical values* 

S 2 -Si=-Sl J/gmol-K 



mT^ (s2-s^) 


10^ g/h 


39.8 g/gmol 

7 


X 3(K) K X (- 57) 


429 X 10^ J/h 



- - U ,917 kW Cheat removed from the gas) 

^i2-Qi2+Mh,-h2) 

= -4.29x10’ + —X 1790 

39.9 

= - 3.84 X lO’ jyh 

= - 10.67 kW (Woik is done on the gas) 





11.1 What is the condition for exact differential? 

11 2 Derive Maxwell *s equations. 

11.3 Write down the first and second TdS equations, and derive the expression for the 


11.4 


difference in heat capacities* Cp and What does the expression signify? 
Define volume expansivity and isothermal compressibility. 


11.5 Show that the slope of an isentrope is greater than that of an Isothcmi onp-v plot. 

How is it meaningful for estimating the work of compression? 

11.6 What is the energy equation? How does ibis equadon lead to the derivation of the 

Stefan-Boltzman law of thermal radiation? 

11 J Show that the internal energy and enthalpy of an ideal gas arc functions of 


temperature only. 


11.8 Whyaredt/ 


drand dH 


CpdT true 



an 



gas in any process. 



these are true for any other substance only at constant volume and at constant 
pressure respectively? 

11.9 Explain JouJe-KelvLn effect. What is invmion temperature? 

It. 10 What is Joule-Thomson coefficient? Why is it zero for an ideal gas? 

11.11 Why does the hydrogen gas need to be precooled before being throttled to get the 

cooling effect? 

11.12 Why does the miximum temperature drop occur i f the state before throttling lies 

on the inversion curve? 


r 


. 7 - ■' IW 


■ \\ii' 




Thtmodynamic Relatior\St EquiUbrium and Third Law 



U.19 


1129 

tl.30 



n.l3 Why 

iM4 What 

IMS Write down the representative equation for phase bansition 

line for water have negative slope on the p-T diagTam? 

11.16 Why is the slope of the sublimation curve at the triple point on 

greater than that of the vaporization curve at the same point? 





1M7 

11.18 Illustrate how enthalpy change and 


ff Ip 



change of a gas can be estimated 


with the help of an equation of state. 








an 




satisfy. 


120 Explain bow the Boyle 



ltmO273/?>r“0 


p 




H21 What Is 
11.22 




for an in vers i on curve (32?3 7) 


p 


0 . 



cotuponent in terms of t/* H, F and G. 


1123 

1124 What is the 

1 ] .25 Explain the significance of the Gibbs-Duhem equation 



1.26 State the 


1127 Wbatdoyou 



us system 


11.28 Give the Gibbs phase niie for a nonreactive system. Why is the triple point of a 


substance nonvariant? 



criterion of stability 

(b) system having 


11.31 

11.32 


11,33 Show that for a 


(a) C>0 



0)) 




0 



11.34 How is the third law a fundamental law of nature? 

11.35 Hxplatnthe 

11.36 How are 



salt 



zero 



11.37 Give the Fowler-G uggenhei m statement of third law. How is 



Nemst-Simon statement of third law? Gi 
third law. 



third equivalent statement of dte 


11.38 State some physical and chemical facts which substantiate the third law. 



I 


.1 




<a) U^F-T 












(b) C, 


T 


W) 


(c) ff=a-T 


BG] 

St) 


t1 



p 


ar 


p 


/ 



c 




T 







2 


P 


iL2 




/ 


ac 


l, dv 


/ 


T 






a^p ^ 

ar^ j 


V 


(b) Prove that 

(c) In the ease of a 



gas is a fimction of T on ly* 



£0 

RT 


1^ 


il 

V 


where B" is a fimction of T only, show that 


RT d 


2 


V 


d? 



J) + (Cv)ci 


where (c,)o is the value at very large volumes 

11.3 Derive the third TdS equation 


dV 


V 


and show that the three TdS equations may be written as 



(a) 


(b) TdS 


(c) 


c,dr+ -^dv 

k 


Cpdr 


VBTdn 



C. 


P 


k 



+ S-dV 


pv 


IL4 Derive 



(a) Cp-r 


UrJ 



\ 


V 


dT 




(t) 


Bp 

BT 


c 




$ 


ypT 


(c) 




r 





7-1 


11.5 Derive the equations 


(a) C. 



ip 

bt 



aF^ 

arj. 


(b) 


(By 

UrJ, 


C^k 


T 



'r ■ ' iT h ^ - lIiui 
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{dV/^T) 


1 


p 


1-r 


11.6 (a) Prove that the slope of a curve on a MoHter diagram repieseutmg a reveraible 


isotheimal process h equal to 


T 


I 

p 


(b) Prove that the slope of a curve DU 



kochodc process is equal to 


T+ 


Izl 

p 


11.7, (a) Show that 




P 


7^ 


dV/T 



p 


For 1 
be written as 



the equation of stale may 


RT 


1 + 



^_2 


+ Cp 


where B* and C are functions of temperature only, 
(b) Show that ssp-* 







RT 


2 



dr 


(c) Show 



P 


mversion curve is 


<1B 



da/dT 


11.8 Prove (he following functional relationslup of the 

inversion curve of a van te Waals’ 







2 


r 




4v 


1 




Hence, show that 


Maximum in vers ioo temperature 

Critical temperature 

Minimum inversion tempeiatiiie 

Critical temperature 

11.9 Estimate the maitimum inversion temperature 


6.75 


and 


0.75 



if it is as.sumed to 


obey the equation of state 


2 



pV^RT + Bfp + 5j/? + 

For hydrogen, x 10^ = o + i(r^ bT+ \0^c/T 


2 


+ 


+ + I 


where a - 166,^ 


7.66, e 


172.33 



11.10 The vapour pressure of mercury at 399 K and 401K is found to be 0.988 mm and 

,034 mm of meicuiy respectively. Calculate the latent heat of 

liquid mercury at 400 1C 

Ans. 61,634. 



’r ■ ' rr- h ^ :nu'- 


■ri 
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♦ 

IL1 ] ]q tile vicinity of tiie triple point, tiio vapour pressure of liquid ammonia (in 

atmospheres) is Tepresented by 

h/r=lS,16-^5^ 

T 


This is the equation of the tiquld-vapour bounds 
Similarly, the vapour pressure of solid ammonia is 


lnp=18J0 


T 


(a) What is the temperature and pressure ai the triple point? 

(b) What are the latent heats of sublimatioii and vaporization? 

(c) What is the * ^4eat heat of fusion at the triple point? 

Ans. 195.2 K, 0.5S5 atm., 1498 kJ/kg, 1836 kJ/kg, 338 kj^g 
1IJ 2 It is found that a certain liquid boils at a temperatuie of 95°C at the top of a hill, 


whereas it 
4J87kJ/n 




C at the bottom. The latent heal is 
einht of the hill? Assume = 300 K. 


Ans. 


m 


this Show that for an ideal gas in a mixture of ideal gases 


d/i. 




T 


dr + dp + RTd In 


t L14 Compute for a gas whose equation of state ii 


p{v-b)=^RT 


11J5 Show 


Ans. fly 


bJc. 


(a) 


(b) 


dp 

— 

dp 


/T 


r 


p 


^p)t 


11.16 Two particular systems have the following equations of state 


T 


(I) 


3 _ I 

and-^ 

2 [/<'> r‘^> 




where R = 8,3143 kJ/kg iDol K. The mole number of the firs* system is =2, 
and that of the second is = 3. The two systems ate separated by a diathermal 
wall, end the total energy in the composite system is 25.120 kJ. What is the 
internal energy of each system in equilibrf nm? 

Ans. 7.2 kJ, 17.92 kJ 

11.17 Two sysimns with the equattoni of state given in Problem 11.16 are separated by 

a diathermal wall The respective mole numbers arc = 2 and - 3. The 
initial temperatures arc 7^^ = 250 K and ■ 350 K. What are the values of 
C/^1 and a her equilibrium has been established? What is the equilibrium 

temperature? 

Ans. 8.02 kJ, 20.04 kJ, 321.4 K 

11.18 Show that the change in latent heat L with temperatuie is given by the foUowiiig 

relation 


’ i 


i >« r 

• 

1 

r 1 

• 


- 

III 


— 
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U 

dr 


{qr- c;) + 


L 

T 






V 


V 




L 


1L19 Show that for a van der Waala' gas, the Joule-Thomson coefficient is given by 




V 


c 


p 


2a{v-b) 


2 



2 


RTv 


i 


2aiv-b) 


2 


1 ] At 273J 5 K. the specific volumes of water and ice aie 0,00 1 and 0.001091 iti^/kg 

and the latent heat of fusion of ice is 334 fcj/kg, DeiOTnhic the melting point 


increase due to increase of pressure by 1 atm (101325 kPa). 


Ans.-OM753K 




1L21 

a pressure of 101325 kPa, At a pressure near this^ a rise of temperature of 1 K 
causes an increase of vapour pressure of 3.62 kPa. 

Ans. 2257 

i 1.22 It is known that radiation exerts a pressure p= 1/3 u, where u is the energy per 

unit volume, 

(a) Show that 

du ■« rdr + J-fTj - — « !di^ 

vK 3 

where j is the entropy per unit volume, 

(b) Asstiitiing u and s as functions of temperature only, 

4/1 



that 


(i) ti^As 


(ii) j 


4 

3 


al^ 


(iii) u = at 


where A is the constant of 



anda-Sl/256^ 


3 


(c) Show that the average time radiation remains in a spherical enclosure of 


radius r is given by 


t 


4r 

3c 


where c is the speed of radiation. 

(d) If is the energy emitted unit area of spherical surface per unit time, 


show that 


E 




iff 


U.23 


where (T * ac/4 and T is the temperature of the surface. 

Show that the inversion temperature of a van ilcr Waals' gas is given by Tj = 2^1/ 

ft/?. 


1L24 Show that; 


f 


(a) 


V 


T 


(b) 


dvj 

dp )j 


T 


2 


(dip/T)^ 


T 


2 


dT 


f 9(v/r) 



P 


11,25 Show that for a van der Waals^ gas at low pressures, a Joule-Thomson expansion 

from pressure p, to p 2 produces a temperature change which can be found from 

the solution of 
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C 


Pi -Pi 


T. 


Hr, - Tj) + r. Id ^ 

b Ti 








7^ 


I 


where is the inversion temperature. 

11.26 Using the Redlich-Kwong equation of state, 

in entropy and internal energy of a gas in an isothermal process 



for the changes 


Ans. {S 2 - S[)]' = In -f 


a 




] 


h 


IbT 


VI 


(W2”«l>T 


a 


2bT 


U2 


- In 

Vi (V| + b) 


' In 

■ + 6) ■ 

. PiCfi + b) . 


11.27 Find the change of entropy of a gas following Clausius equation of state at 


constant temperature 


p(v-h) = RT 


Ans. R In 


V 


1 


b 


V 


I 


b 


II. 



(a) Show that for a van der Waals * gas 


Rv^(v-b) 




RTd 


3 


2a(v-b) 


2 




V^(V 



2 


RTt} 


3 


2£i(v — b) 


2 


(b) What is the value of expressed in its 
(e) Wlmt do the above relations became when & 



11.29 (a)Show that 


(i) 


(ii) 


du 

dp 

Bu 

dv 


k 




c 


c 


p 


p 




p 


(b) Hence show that the 
coordinates is 



of a reveisible adiabatic process on p-v 


dv 


r 


kv 


where k is the isothermal compressibility. 

11.30 According lo Berthelot, the tempeia tuie effect of the second vidaJ coefncienl is 


given by 


^(7) 


b 

T 


a 


T 


3 


where rr and 5 are constants. Show that according to Berthelot, 

L L31 The following expressions for the equation of state and the specific heat Cp arc 

obeyed by a certain gas: 

v = — + af^mdc^-A + BT+ Cp 


’r ' 


.7- ■ tl. n ■“ I ml 


P 
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where C are constants. Obtain an expression for (a) (he Joule-Thomson 

coefncicnt, and (b) (he sp^ific heat 

+ aT^ 


Ans. Ca)^j 


aT^ 


A + BT + Cp 


ib)C^-A+BT+ - 


CRT 


V 




R 


V 




V - aT^ J 



11.32 Eteteimine the maximum 

critical temperature T^ predicted by the 


inversion temperature in terms of the 



(a) van 

(b) Redlich-iCwong equation 

(c) Dieterici equation 


Arts, (a) 6.75 (b) 5.34 (c) %T^ 


11.33 From the virial 



V 


— +RTB'lT) + RTC (7).+ 
P 


+ 41 


show that the Joule-Thomson coefficienl is 


Bs 


RT 


2 



C 


P 


dr 


+ — p+■■ 

dr ^ 


(b) For a van der Waals gas 


^(7) 


bRT^a 

n2^7 


Show that the limiting value of /ij at low pressures 





1 f2a^ 

c,^RT 


b 


1 i .34 Show that = 



] 1.35 For a simple compressible system, show that 



11.36 The liquid-vapour equil ibrlum curve for ni trogen over the range from the triple 

point to the normal boiling point may be expi *?sscd by the relation: 



where p is the vapour pressure in mm Hg, T is the temperature in and 

A ^ 7.782, B = 0,006265, and C = 341.6, 

(a) Derive an expression for the enthalpy of vaporization in terms of C, 
T and 

(b) Calculate for nitrogen at 71.9 K with Ufg = 11,530 cm^/gmol. 

Ans* 5,790 J/gmol 

1L37 For a gas obeying the van der Waals equation of state, show that: 










= 0 to prove 






(c) 


dc 





T 


d^v 


8r 


2 



'fe 




2o!? 


-3 


6abv 



to prove lhatCp for a van der Waals gas is not a flmciion of tenipcrature only* 
The lelatiofi between T and v is given by: 

J\p - = constant 


(d) 


(e) The relation between p and V is giveo by: 





(n-= constant* 


Nitrogen at a pressnie of250 atm and a temperature of400 K. expands reversibly 


and adiabatically in a turbine to m exhaust 
1 kg/s. 

of state* For nitrogen at 1 atm take. 



of 5 aim* The flow rate is 



c 




6,903 


0.3753 X 10 '’r+ 1.930 X 10 '“ 7 ^ 


6,861 X lO^r^ 


where Cp is in caL/gmol*K and T is in 
For nitrogen, - 126.2 K, 

p, - 33,5 



Ans. 272 kW 


Hints: See Fig. P-U*34 

(hi -h^) + (^4“ A3) + (^3 - A3) and 

^j _ = 0 = (i'l - j^) 4- (j^ - jj) + (S3 - S2) 

n 15*4 X 10^ atm/K^'^ cm^i(gmo\ft A = 26J cmVgmol 
By trial-and-crror, i?j = 143 ctn^/gmolt V 4 ^ 32,800 cm^/gmol 

Fj = 124 K, Ai - A 3 = 7.61 ki/gmol. 




A power cycle continuously converts heat (energy released by the burning of 
fuel) into work (shaft work), in which a working fluid repeatedly performs a 
succession of processes. In the vapour power cycle, the working fluid, which is 
water, undergoes a change of phase. Figure 12.1 gives the schematic of a simple 
steam power plant working on the vapour power cycle. Heat is transferred to 
water in the boiler an external source (furnace, where fuel is continuously 
burnt) to raise steam, the hi gh pressure, high temperature steam leaving the bol ler 
expands in the turbine to produce shaft work, the steam leaving the turbine 
condenses into water in the condenser (where cooling water circulates), rejecting 

High pfGSSum, high 

temperature steam 


Furnace 


\ 

W 1 

p i 

t A 

Oy 
1 ^ 

N 1 

1 1 




[ 


Air 

and 

fuel 


Combus¬ 
tion 

products 




Boiler 



Turbine 


Condenser 


Corxjensate 

pump 



High pressure water 


Gerrerator 


y 



River 


Circulabng 

pump 


Fig* 12.1 Simple steam power plant 
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heat, and then the water is pumped back to the boiler. Figure 12.2 shows how a 
unit mass of the working fluid, sometimes in the liquid phase and sometimes in 
the vapour phase, undergoes various extenal heat and work interactions in 
executing a power cycle. Since the fluid is undergoing a cyclic process, there will 
be no net change in its inemal energy over the cycle, and consequently the net 
energy transferred to the unit mass of the fluid as heat during the cycle must equal 
the net energy transfer as work from the fluid. Figure 123 shows the cyclic heat 
engine operating on the vapour power eye le, where the working substance, water, 
follows along the B-T-C-P(Boiler-Turbine-Condenser-Pump) path, interacting 






State change 

from4lo 1 
(in boiler) 


State changa 

from 1 to2 

(in turbtna) 


State change 

fnxn2to3 
(in condenser) 


State change 

from 3 to 4 

(in pump) 


Hgt 123 One % H^O eiceatting a heal engine cycle 


Source 

(Furnace) 

7-1 


Qi 




Qz 



(River or sea) 


Cyclic heat engirw 


ng- 123 Cyclic heat engine with water as the working Jluid 


externally as shown, and converting net heat input to net work output 
continuously. By the first law 

cycle cycle 

or Qi~ Q2~ ~ 

where Qi = heat transferred to the working fluid (kJ/kg) 

02 “ heat rejected from the working fluid (kJ/kg) 

= work transferred from the working fluid (kJ/kg) 

FFp = work transferred into the working fluid (kJ/kg) 

The efficiency of the vapour power cycle would be given by 



1 






















Vap&UT Pawer CytUs 



12.2 Ranklne Cycle 


For each process in the vapour power cycle^ it is 








or 

extraneous effects. For the steam boiler, this would be a reversible constant 
pressure heating process of water to form steam, for the turbine the ideal process 
would be a 

a reversible constant pressure heat rejection as the steam condenses till it becomes 
saturated liquid, and for the pump, the ideal process would he the reversible 

at the initial pressure. When all these 
four processes arc ideal, the cycle is an ideal cycle, called a Rankine cycie. This 
is a reversible cycle. Figure 12.4 show's the flow diagram of the Rankine cycle, 
and in Fig. 12 . 5 * the cycle has been plotted on th^p-v, J-s, and h-s planes. The 
numbers on the plots correspond to the numbers on the flow diagram. For any 
given pressure, the steam approaching the turbine may be dry saturated (state 1) 
wet (state Ior supeiitealed (state 1 '0^ but the fluid approac hing the pump is* in 

each case* saturated liquid (state 3). Steam expands reversibly and adiabiatically 
in the turbine from state 1 to state 2 (or 1' to 2\ or 1'' to 2"), the steam leaving the 

turbine condenses to water in the condenser reversibly at constant pressure from 

state 2 (or 2'* or 2") to state 3, the water at state 3 is then pumped to the boi ler at 

state 4 reversibly and adiabatically, and the water ts heated in the boiler to form 


steam reversibly at constant pressure 



state 4 to state 1 (or V or I"). 
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Cooling water 


J 


O2 


Fig. 



Pump 


simple skam plant 




For purposes of analysis the Rankine cycle is assumed to be carried out in a 


steady flow operation. Applying the 



flow enei^ equation to each of the 


processes on the basis of unit mass of fluid, and neglecting changes in kinetic and 
potential energy* the work and heat quantities can be evaluated in tenns of the 
properties of the fluid. 






Flgt 12*5 R^^drte ejcU sit T-s and h-s diagrams 


For 1 kg fluid 

The S.F.E*E* for the boiler {control volume) gives 

A4 + gj = hi 

/. 2 j 5= Aj " 

The S*F*E.E* for the turbine as the control volume gives 

A] ” Wy + A2 

/* JFy = A[ — A^ 

9 

Similarly, the S. F,£,E, for the condenser is 

*2 = 02 *3 

02 = *2 - *3 


and the S.F.E.E- for the pump gives 


Aj + JFi 


p 


A 


I 

4 


fFp = A, 




The efficiency of the Ratikinc cycle is then given by 




net 


fPr 


m 


p 


(k~h,)~(k. 
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4 


The pump handtes liquid water which is incompressible, i,e,, its density or 
specific volume undergoes little change with increase in pressure. For reversible 
adiabatic compression, by the use of the general property relation 

T6s = dh- v6p; dj = 0 

and dA = vdp 


Since change in specific volume is negligible 


M-vAp 

or (pi -p 2 ) 

If r is in m^/kg and p is in bar 

A4-/t3=I»3{p,-pJxlO=J/kg {12.7) 

The work ratio is defined as the ratio of net work output to positive work output. 


work ratio 


IF 


itei 


w. 


T 


FF. 


p 




T 


w. 


T 


Usually, the pump work is quite small compared to the turbine work and is 
sometimes negtecfed. Then A 4 = A 3 , and the cycle efficiency approximately 
becomes 




h 


I 


A 


2 


A 


1 


A 


4 


The efficiency of the Rankine cycle is presented graphically in the T-s plot in 
Fig. 12.6, Thus is proportional to area 1564, Q 2 is proportional to area 2563, 

and FFjjj, {=Q] — Q 2 ) is proportional to area 1 2 3 4 enclosed by the cycle. 



Fig. 12.6 Qjr and an proportional to anas 


The capacity of a steam plant is often expressed in terms of steam rate, which 
is defined as the rate of steam flow (kg/h) required to produce unit shaft output 
(1 kW). Therefore 


1 kg 1 y/s 
FFt - FFp kJ ^ 1 kW 

1 kg ^ 3600 kJ 

Wj-Wp kWs Wj-Wp kWh 



UI M 00 htl ich geschutiit:?? 


S team rate 
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mmics 


The cycle efTiciency is sometimes expressed alternatively as keat rate which 


is the rate input ) required to produce unil work output (1 kW) 


Heat rate 




kj 




T 


w. 




kWh 


< 12 , 



2 


From the equation 




j it is obvious that the reversible steady-flow 


1 




work is closely associated with 
device. The largK- the speci fic vo lume, the larger the reversible work produc ed or 
consumed by the steady-flow device. Therefore, every effort should be made to 
keep the specific volume of a fluid as small as possible during a compression 
process to minimize the work input and as large as possible, during an expansion 

process to maximize the work output. 

In steam or gas power plants (Chapter 13), the pressure rise in the pump or 
compressor is equal to the pressure drop in the turbine if we neglect the pressure 

in various other components. In steam power plants, the pump handles 
liquid, which has a very small specific volume, and the turbine handles vapour, 
whose specific volume is many times larger. Therefore, the work output of the 
turbine is much larger than the work input to the pump. This is one of the reasons 
for the overwhelming popularity of steam power plants in electric power 
generation. 

If we were to c ompress the sleam exiting the turbine back to the turbine inlet 
pressure before cooling it first in the condenser in order to “save” 
rejected, we would have to supply all the work produced by the turbine 
the compressor. In reality, the required work input would be stil 1 greater 
work output of the turbine because of the irreversibilities present in 
processes (see Example 12.1). 








12-3 Actual Vapour Cycle Processes 

The processes of an actual cycle differ from those of the ideal cycle. In the actual 
cycle conditions might be as indicated in Figs 12.7 and 12.S, showing the various 

is 
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where the work and heat quantities are the 
which arc 




values for the actual cycle, 

ideal cycle. 



12J.1 

Pressure drop due to friction and heat loss to the surroundings are the most 
important piping losses. States V and l(Fig. 12.8) represent the states of the steam 

leaving the boiler and entering the turbine respectively, 1' - 1" represents the 
frictional losses, and 1 shows the constant pressure heat loss to the 
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Fig. 12.7 Various iosm in a skmn plant 
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Fig. 12,8 Various lasses on T-r plot 


surroundings. Both the pressure drop and heat transfer reduce the availability of 
steam entering the turbine. 

A similar loss is the pressure drop in the boiler and also in the pipeline from the 
pump to the boiler, Ehie to this pressure drop, the water entering the boiler must 
be pumped to a much higher pressure than the desired steam pressure leaving the 
boiler, and requires additional pump work. 


12 



The losses in the turbine are those associated with frictional effects and heat I oss to 
the surroundings, The steady flow energy equation for the turbine in Fig. 12.7 gives 
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( 12 . 10 ) 


For the reversible adiabatic expansion, the path will be \-2s. For an ordinary 
real turbine the heat loss is small, and ^ 2 , with Qi equal to zero. Since 
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actual turbine work is less than the reversible ideal work output, A 2 greater than 




However* if there is heat loss to the surroundings, h 2 
accompanied by a decrease in entropy. If Ihe heat loss is large, the end state of 
steam from the turbine may be 2\ It may so happen that Ihe entropy increase due 
to fHctional effects just balances the entropy decrease due to heat loss, with the 
result that the initial and final entropies of steam in the expansion process are 
equal, hut the expansion is neither adiabatic nor reversible^ Except for very 

negligible. The isentropic effi- 


small turbines, heat loss from 
ciency of the tuib ine is defined as 
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where Wj is the actual turbine work, 
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Pump losses 


The losses in the pump are 

the irreversibilities 

negligible. 




with fluid friction. Heat 



is usually 
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where is the actual pump work. 


12«3.4 Condenser Losses 

The losses in the condenser arc usually small. These include the loss of pressure 
and the cooling of condensate below the saturation temperature. 


12.4 Comparison of Rankine and Carnot Cycles 


Although the Carnot cycle 

, it is 


for the given 
Figure 12.9 shows 

the Rankine and Carnot cycles on the T-s diagram. The reversible adiabatic 




expansion in the turbine, the 



rejection 



and the reversible adiabatic compression in the pump, are similar characteristic 
featiues of both the Rankine and Carnot cycles. But whereas the heat addition 
process in the Rankine cycle is reversible and at constant pressure, in the Carnot 
cycle it is reversible and isothermal. In Figs 12.9(a) and 12,9(c), Q 2 is the same in 


both the cycles, but since Qj is more, i|cauHt's greater than ^vo 

Carnot cycles in Figs 12.9(a)^and 12.9(b) have the sante thermal efficiency, 

^Rankine* Camot cyclc camiol be 


amor 


> 



Therefore, in Fig. 12 J(b) also, 

realized in practice because the pump work [in all the three cycles (a), (b), 

(c)] is very large. Whereas in (a) and (c) it is impossible to add heat at infinite 
pressures and at constant temperature from state 4c to state 1, in (b), it is difficult 




Vapour Power Cycies 


465 



(c) 

Fig* 12.9 Comparison of Carmt and Rankine cycles 

to control the qua! ity at 3c ^ so that isentropic compression leads to a saturated 
liquid state. 








In the Rankine cycle, heat is added reversibly at a constant pressure, but at infinite 
temperatures. If is the mean temperature of heat addition, as shown in 


Fig. 12.10, so that the area under and 1 is 
heat added 



to the area tmder 5 and 6, then 










'jRMkiM =/(4i) only (12.14) 

The higher the mean temperature of heat addition, the higher will be the cycle 
efficiency. 

The effect of increasing the initial tempefature at constant pressure on cycle 

efficiency is shown in Fig. 12,11. When the initial state changes from 1 to 

between 1 and 1' is higher than between 4s and 1. So an increase in the 
superheat at constant pressure increases the mean temperature of heal addition 

and hence the cycle efficiency. 



The maximum temperature of steam 
metallurgical consider a lions (i.e,, the 





be used is fixed from 
used for the manufacture of the 
components which are subjected to high-pressure, high-temperature steam like 

etc,). When the 



the superheaters, valves, pipelines, inlet stages of 
maximum temperature is fixed, as the operating steam pressure at which heat is 
added in the boiler increases from pj topj (Fig. 12.12), the mean temperature of 


heat addition increases, since between 7s and 5 is higher than that between 4s 


and i. But when the turbine inlet pressure increases from/?i to P 2 . the ideal expan- 
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sion line shifts to the left and the moisture content at the turbine exhaust increases 


(because Jf2i>- If 


moisture content of steam in the later stages of the 


turbine is higher, the entrained water particles along with the vapour coining out 

from the nozzles with high velocity strike the blades and erode their surfaces, as 

a result of which the longevity of the blades decreases. From a considermtion of 

■ 

the erosion of blades in the later stages of the turbine, the maximum moisture 
content at the turbine exhaust is not allowed to exceed 15%, or the quality to fall 
below 85%. It is desirable that most of the turbine expansion should take place in 
the single phase or vapour region. 


K 



Fig. 12.12 Effiet of increase ofpressure Rankim c^cie 



Therefore, with the maximum steam temperature at the turbine inlet, the 
minimum temperature of heat rej ection, and the minimiim qual ity of steam at the 
turbine exhaust being fixed, the maximum steam pressure at the turbine inlet also 
gets fixed (Fig, 12.13). The vertical line drawn from 2s, fixed by Tj and X 2 », 
intersects the line, ftxed by material, at 1, which gives the maximum steam 
pressure at the turbine inlet. The irreversibility in the expansion process has, 
however, not been considered. 



Fig. 12.13 Fixing of exhmst quedityt maximum temperaSuri and 

maximum pressure in Rankine cycle 
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12.6 Reheat Cycle 


If a steam pressure higher than (pj)n, 33 t (Fig* 12*13) is used* in order to limit the 
quality to 0*85 at the turbine exhaust, reheat has to be adopted. In that case all the 
steam ai^er partial expansion in the turbine is brought back to the boiler, reheated 
by combustion gases and then fed back to the turbine far further expansion. The 
How, T-f, and h-s diagrams for the ideal Rankinc cycle with reheat are shown in 
Fig. 12.14. In the reheat cycle the expansion of steam ftom the initial state 1 to 
the condenser pressure is carried out in two or more steps, depending upon the 
number of reheats used. In the 6 rst step, steam expands in the high pressure (H.P.) 
turbine from the initial state to approximately the saturated vapour 
(process 1 -2 j in Fig. 12.14). The steam is then resuperhealed (or reheated) at 
constant pressure In the boiler (process 2s“3) and the remaining expansion 
(process 3-4 j) is carried out in the low pressure (L.P*) turbine* In the case ofuse 
of two reheats, steam is resuperheated twice at two different constant pressures. 

two- 




To protect the reheater tubes, steam is not 
phase region before it is taken for reheating, because in that case the moisture 
particles in steam while evaporating would leave behind solid deposits in the 
form of scale which is difficult to remove* Also, a low reheat pressure may bring 
down and hence, cycle efficiency. Again, a high reheat pressure increases the 

moisture content at turbine exhaust. Thus, the reheat pressure is optimized. The 
optimum reheat pressure for most of the modem power plants is about 0*2 to 0.25 

of the initial steam pressure. For the cycle in Fig* 12.14, for I kg of steam 
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Steam rate 
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(12.16) 



where enthalpy is in kJ/kg, 

Since higher pressures are used in a reheat cycle, pump work may be 
appreciable. 

Had the high pressure been used without reheat, the ideal Eankine 

would have been 1 -4'^-5 -6s. With the use of reheat, the area 2 j-3 -4s- 4's has 
been added to the basic cycle. It is obvious that net work output of the 
increases with reheat, because (A 3 - A 4 ^ is greater than (Aj, - A/J, and hence 
steam rate decreases. Whether the cycle efficiency improves with reheat depends 
upon whether the mean temperature of heat addition in process 2 j- 3 is 





than the mean temperature of heat addition in process 6 s-1, In practice, the use of 
reheat only gives a marginal increase in cycle efficiency, but it increases the net 

use of higher pressures, keeping the quality 
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Gdn^rator 
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Fig. 12.14 Rehtal cycle 
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of steam attuAine exhaust within apemiissible limit The quality improves from 
to by the us e of reheat 

By increasing the number of reheats, still higher steam pressures could be used, 
but the mechanical stresses increase at a higher proportion than the increase in 
pressure, because of the prevailing high temperature* The cost and fabrication 
difficulties will also increase* Jn that way* the maximum steam pressure gets 
fixed, and more than two reheats have not yet been used so far* 

In Fig. 12.14, only ideal processes have been considered. Hie irreversibilities 



have been considered in the example 


given later* 


12.7 Ideal Regenerative Cycle 


In order to increase the mean temperature of heat addition (attention was so 
far confined to increasing the amount of heat supplied at high temperatures, such 
as increasing superheat, using higher pressure and temperature of steam, and 
using reheat* The mean temperature of heat addition can also be increased by 



a 



steam 


decreasing the amount of heat added at low temperatures* 

Rankine cycle (Fig. 12.15), a considerable p art of the total heat supplied is in the 
liquid phase when heating up water from 4 to 4\ at a temperature lower than T j, 
the maximum temperature of the cycle. For maximum efficiency* all heat should 
be supplied at Ti, and feedwater should enter the boiler at 



4'. 



may 



accomplished in what is known as an idea! regenerative cycle, the flow diagram 
of which is shown in Fig* 12.16 and the corresponding T-s diagram in Fig. 12.17. 


T 






Fig. 12.15 Simple Rankine Cycle 

The unique feature of the ideal regenerative cycle is that the condensate, after 



pump 



to the direction 


of vapour flow in the turbine (Fig. 12*16)* Thus* it is possible to transfer heat 
from the vapour as it flows through the turbine to the liquid flowing around the 
turbine. Let us assume that this is a reversible heat transfer, i.e., at each point the 
temperature of the vapour is only infinitesimally higher than the temperature of 


the liquid. The process 1-2' (Fig* 12.17) thus represents reversible expansion of 
steam in the turbine with reversible heat rejection. For any small step in the 
process of heating the water, 
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Fig. 12,16 Meal fegeneratt w (jdi-basic scheme 
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Fig, 12,17 Ideal Tegmerative cycle an T-s plot 


and 


A r( water) 
Aj (water) 



As (steam) 


Then the slopes of lines 1-2' and 4'-3 (Fig, 12,17) wilt be identical at every 
temperature and the lines will be identical in contour. Areas 4-4'-5"fl-4 and 

2'-l“i/“C—2' are not only equal but congruous. Therefore, all the heat added 

from an external source (0^) is at the constant temperature Ti* and all the heat 
rejected (02) Ss at the constant temperature 7^2, both being reversible. 

Then 
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Writing the steady flow energy equation for the turbine 




The pump work remains the same as in the Rankinc cycle, i.e* 



The net work output of the ideal regenerative cycle is thus less, and hence its 
steam rate will be more, although it is more efficient, when compared with the 
Rankine cycle. However, the cycle is not practicable for the following feasons: 


(a) Reversible heat transfer cannot be obtained in finite time. 

(b) Heat exchanger in the turbine is mechanicaily impracticatole. 

(c) The moisture content of the steam in the turbine wi 11 be high. 


12.8 Regenerative Cycle 

In the practical regenerative cycle, the feedwater enters the boiler at a temperature 
between 4 and 4' (Fig. 12.17), and it is heated by steam extracted from 
intermediate stages of the turbine. The flow diagram of the regenerative cycle 
with saturated steam at the inlet to the turbine, and the corresponding T-s diagram 
arc shown in Figs 12.18 and 12.19 respectively. For every kg of steam entering 
the turbine, letm^ kg steam be extracted from an intermediate stage of the turbine 
where the pressure isp 2 t smd it is used to heat up feedwater [(1 -m^) kg at state 8 ] 
by mixing in heateo 1. The remaining (1 - mj) kg of steam then expands in the 
turbine from pressure p 2 (state 2) to pressure (state 3) when m 2 kg of steam is 
extracted for heating feedwater in healer 2. So (1 - kg of steam then 

expands in the remaining stages of the turbine to pressurep 4 , gets condensed into 
water in the condenser, and then pumped to heater 2 , where it mixes with m 2 kg of 
steam extracted at pressure py Then (1 - m{) kg of water is pumped to heater 1 
where it mixes withmj kg of steam extracted at pressurep 2 - resulting i kg of 

steam is then pumped to the boiler where heat from an external source is supplied. 
Heaters 1 and 2 thus operate at pressuresp 2 ^tidrespectively. The amounts of 
steam and m 2 extracted from the turbine are such that at the exit from each of 
the heaters, the state is saturated liquid at the respective pressures. The heat and 
work transfer quantities of the cycle are 

1Fj=1(Aj-A 2) + (1 “mj) (^2^^3) (^3 ”^ 4 ) (12,18) 

= (1 “ - m 2 ) - A 5 ) + (1 - m,) (A| - A;) + 1 (/ij^ - h^) kJ/kg (12,19) 
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Cycle efficiency. 
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( 12 . 20 ) 

( 12 . 21 ) 


In the Rankine cycle operating at the given pressures, and the heat 
addition would have been from state 6 to state !, By using two stages of 
regenerative feedwater heating, feedwater enters the boiler at state 10, instead of 
state 6, and heat addition is, therefore, from state 10 to state 1, Therefore 
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Since 


( ^mj)with regeneration ^ ( ^iti|)withoirt rtgtfttratiocL 


the efficiency of the regenerative cycle will be higher than that of the Rankine 


cycle 


The energy balance for heater 2 gives 


m^A2 + (1 
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Fig, 12,18 Regeneratwe cycle flow diagram with two feedmaier heaters 



r. '’tiMri ::hiik:^ 


:iLi'. f*' 










































































* * 




The energy balance for heater 1 gives 






(12,24) 


(12,25) 


From Eqs (12.24) and (12,25), m i and m 2 can be evaluated. Equations (12,24) 
and (12.25) can also be written alternatively as 

(1 - «,) (A, - Ag) = «, (hi - A,) 

(1 - m, - j«j) (A, - Aj) = mj (Aj - A,) 

m 

Energy gain of feedwater ” Energy given off by vapour m condensation 
Heaters have been assumed to be adequately insulated, and there is no heat gain 
from, or heat toss to, the surroundings. 
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Path 1-2-3-4 in Fig. 12.19 represents the states of a decreasing mass of* 
fluid. For 1 kg of steam* the states ^vould be represented by the path I4'* 

From equation (12.18)* 

= (A, - h2) + - hy) + ihy - h4^) (12*26) 

where (1 - rn,) (A 2 - Aj) = I (hr - hy) (12.27) 

(1 - m| - m 2 ) (A 3 — A 4 ) = 1 (hy- - A 4 O (12,28) 

The cycle l-2-2'-3-3"-4'-5-6-7-8“9-J0“l represents 1 kg of working 

fluid* The heat released by steam condensing from 2 to 2* utilized in heating up 
the water from 8 to 9. 






Sunilarly 



From equations (12,26), (12.29) and (12.30) 
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(12.29) 

(12.30) 

(12.31) 


The similarity of equations (12.17) and (12.31) can be noticed. It is seen that 

the stepped cycle 1-2'- 3'-4'-5-6-7-8-9-10 approximates the ideal regenera¬ 
tive cycle in Fig. 12.17* and that a greater number of stages would give a closer 
approximation (Fig. 12.20). Thus the heating of feedwater by steam 'bled' from 

the turbine, known as regeneration* carnotizes the Rankine cycle* 



- 

Fig- 12*20 Rtgfnerative cydt with many itages af ftedwater heating 


The heat rejectedg 2 ^he eyele decreases from {A 4 -A 5 ) to (A 4 - -A 5 ). There is 
also loss in work output by the amount (Area under 2-2' + Area under 3 '-3"- 
Area under 4-4')* as shown by the hatched area in Fig. 12.19(b), So the steam 
rale increases by regeneration, i.e*, more steam has to circulate per hour to 
produce unit shaft output. 

The enthalpy-entropy diagram of a regenerative cycle is shown in Fig* 12*21. 
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Fig. 12.21 R^tntratipe iy^k <rn h-s diagram 


12.9 Reheat-Regenerative Cycle 


The reheating of steam is adopted when the vaporization pressure is high. The 
effect of reheat alone on the thermal efficiency of the cycle is very small. 
Regeneration or the heating up of feedwater by steam extracted from the turbine 
has a marked effect on cycle efficiency. A modem steam power plant is equipped 
with both. Figures 12.22 and 12.23 give the flow and T-s diagrams of a steam 
plant with reheat and three stages of feedwater heating. Here 


Wj = (^, - h^) + (1 - mi) + (1 - m,) 

+ (1 -m, - m 2 ) ih^- h^) + (\ -m, - rrij-m^) h^) kJ/kg 

= m^) - Ag) + (1 - m, - m^) - A,o) 

+ (1 -m,)(A,3-A,j)+ 1 (Aj5-Ai 4) kJ/kg 



Fig. 12J22 Reheat-regeneraiwe tydt/low diagram 
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Rg, 12^ r-j diagrum a/reJteat-r^generaUM eyde 


01 » (h^ - Ajj) + (1 - m^) CA 4 - A 3 ) kJ/kg 
and 


02 = (1 - - ^2 -1?*3) (A7 - Ag) kJ/kg 

The energy balances of heaters 1, 2 ^ and 3 give 

mjAj + (1 - m,)Ai3 = 1 x A^4 

m 2 A 5 + (l 

+ (1 - - IM 2 - ffi 3 )Ag - (1 - - m2)hy^ 

from which mj, m2, and m3 can be evaluated. 


12,10 Feedwater Heatei^ 


Feedwater heaters are of two types, viz., open heaters and closed heaters. In an 
open or contact-type heater, the extracted or bled steam is allowed to mix with 
feedwater, and both leave the heater at a common temperature, as shown in 


Figs 12/li and 12.22. In a closed heater, the fluids are kept separate, and not 
allowed to mix together (Fig. 12.24). The feedwater flows through the tubes in 
the heater and the extracted steam condenses on the outside of the tubes in the 
shell. The heat released by condensation is transferred to the feedwater through 
the wal Is of the tubes. The condensate (saturated water at the steam extraction 
pressure), sometimes called the heater-drip, then passes through a trap into the 


next lower pressure heater. This, to some extent, reduces the steam required by 
that heater. The trap passes only liquid and no vapour. The drip from the lowest 
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1 kg 




Fig* 12 Begcncra twe cycle flow diagram with dosed feedwater heaters 


pressure heater could similarly be trapped to the condenser, but this would be 

throwing away energy to the condenser cooling water. To avoid this waste, a drip 

pump feed the drip directly into the feedwater stream. 

Figure 12.25 shows the T-s plot corresponding to the flow diagram in 
Fig. 12.24, The temperature of the feedwater (at or ‘o*) leaving a particular * 

heater is always less than the saturation temperature at the steam extraction 

pressure (at e or g), the difference being known as the terminal temperature 
difference o f the heater. 
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Fig, 12 T-s diagram of regertarative cycle with dosed feedwater heaters 
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The advantages of the open heater are simplicity, lower cost, and high heat 
transfer capacity. The disadvantage is the necessity of a pump at each heater to 

handle the large feedwater stream. 

A closed heater system requires only a single pump for the main feedwater 
stream regardless of the number of heaters. The drip pump, if used, is relatively 
small. Closed heaters are costly and may not give as hi 
as do open heaters. In most steam power plants, closed hcatens are favoured, 
at least one open heater is used, primarily for the purpose of feedwater deaeration. 
The open heater in such a system is called the deaerator. 

The higher the number of heaters used, the higher will be the cycle efficiency. 
If n healers are used, the greatest gain in efficiency occurs when the overall 
temperature rise is about n/(n 1) times the difference between the condenser 
and boiler saturation temperatures. Analysis of Engineering Cycles by R.W. 

Haywood, Pergamon Press, 1973). 

If {A/)o ” /boiiersat “ ^cood = temperature rise of feedwater it is seen 

that. 
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Since the cycle efficiency is proportional to (A/)f^ the efficiency gain follows 
the law of dim irtishing return wi th the increase in the number of heaters. The 
greatest increment in efficiency occurs by the use of the first heater 
(Fig, 12.26). The increments for each additional heater thereafter successively 

diminish. The number of heaters is fixed up by the energy balance of the whole 

plant when it is found that the cost of adding another does not justify the saving in 
or the marginal increase in cycle efficiency. An increase in feedwater 
temperature may, in some cases, cause a reduction in boiler efficiency. So the 
number of heaters gels optimized. Five points of extraction are often used in 
practice. Some cycles use as many as nine. 











Let the heating for steam generation in the boiler unit is provided by a stream of 
hot gases produced by burning of a fuel (Fig. 12.27). The distribution of input 
energy is shown in the Sankey diagram 12,27 (b) which indicates that only about 
30% of the input energy to the simple ideal plant is converted to shaft work and 
about 60% is lost to the condenser. The exergy analysis, however, gives a 
different distribution as discussed below. 

Assuming that the hot gases are at atmospheric pressure, the exergy input is 
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Fig, 12,2fi Effect of the use of number ofheaters on tycU ^demy 
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Fig, 12,27 (a) T-s diagramt (b) Sankey diagram, (c) Grassman diagram 
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Similarly, the exergy loss rate with the exhaust stream is: 
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Net excf^ input rate in the steam generation process 
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The exergy utilization rate in the steam generator is 
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Rate of exergy loss in the steam generator: 
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The useful mechanical power output: 
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Ifxergy flow rate of the wet steam to the condenser 
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S^ond law efHctency, 
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f Exergy flow or Grassmann diagram is shown in Fig. 12,27 (c). The energy/ 

disposition diagram (b) shows fliat the major energy loss (‘-60%) takes place in 

the condenser. This energy rejection, however, occurs at a temperature close to 
the ambient temperature, and, there fore, conesponds to a very low exergy value 


(-4%). The maj ior exergy destruction due to ineverBibilities 



place in the 


steam generation. To improve the performance of the steam plant the finite source 
temperatures must be closer to the working fluid temperatures to reduce thermal 
irreversibility. 


J2*12 Characteristic of an Ideal Working 

Vapour Power Cycles 





There are certain drawbacks with steam as the working substance in a power 
cycle. The maximum temperature that can be used in steam cycles consistent with 
the best available material is about dOO^C, while the critical temperature of steam 
is 375°C, which necessitates large superheating and permits the addition of only 
an infimtesimal amount of heat at the hipest temperature. 

High moisture content is involved in going to higher steam pressures in order 

to obtain higher mean temperature of heat addition The use of reheat is thus 

necessitated. Since reheater tubes are costly, the use of more than two reheats is 
hardly recommended. Also, as pressure increases, the metal stresses increase, 
and the thicknesses of the walls of boiler drums, tubes, pipe lines, etc., increase 
not in proportion to pressure increase, but much faster, because of the prevalence 


\ 


of high temperature. 

It may be noted that high Tu, i is only desired for high cycle efficiency. High 
pressures are only forced by the characteristics (weak) of steam. 

If the lower limit is now considered, it is seen that at the heat rejection 
temperature of 40'^C, the saturation pressure of steam is 0,075 bar, which is 
considerably lower than atmospheric pressure. The temperature of heat rejection 


r 


rr- h 


Thu^- 
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can be still lowered by using some refrigeranl as a coolant in the condenser. The 
corresponding vacuum will be still higher, and to maintain such low vacuum in 
the condenser is a big problem. 

It is the low temperature of heat rejection that is of real interest. The necessity 

of a vacuum is a disagreeable characteristic of steam. 

The saturated vapour line in the T-s diagram of steam is sufficiently inclined, 
so that when steam is expanded to lower pressures (for higher turbine output as 
well as cycl e efficiency), it involves more moisture content, which is not desired 
from the consideration of the erosion of turbine blades in later stages. 

The desirable characteristics of the working fluid tn a vapour power cycle to 
obtain best thermal efficiency are given below. 

(a) The fluid should have a high critical temperature so that the saturation 
pressure at the maximum permissible temperature (metallurgical limit) is 
relatively low. It should have a large enthalpy of evaporation at that 
pressure. 

(b) The saturation pressure at the temperature of heat rejection should be 
above atmospheric pressure so as to avoid the necessity of maintaining 
vacuum in the condenser. 

(c) The specific heat of liquid should be small so that tittle heat transfer is 

required to raise the liquid to the boiling point. 

(d) The saturated vapour line of the T-s diagram should be steep, very c lose to 
the turbine expansion process so that excessive moisture does not appear 

during expansion. 

(e) The freezing point of the fluid should be below room temperature, so that 
it does not get solidified while flowing through the pipelines. 

(f) The fluid should be chemically stable and should not contaminate the 
materials of construction at any temperature. 

(g) The fluid should be nontoxic, noncorrosive, not excessively viscous, and 
low in cost. 

The characteristics of such an ideal fluid are approximated in the T-s diagram 
as shown in Fig. 12.28. Some superheat is desired to reduce piping losses and 



Fig. 12.28 T-s diii^am ait ideal w^rkirtg fluid /qt a JxjpQur poie^er tyeU 
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improve turbine efficiency* The thermal efficiency of the cycle is very close to the 
Carnot efficiency* 

12.13 Binary Vapour Cycles 


No single fluid can meet all the requirements as mentioned above* Although in the 
overall evaluation^ water is better than any other working fluid, however, in the 
high temperature range, there are a few better fluids, and notable among them are 


(a) diphenyl ether, (C^H 5 ) 20 , (b) aluminium bromide, Al 2 Br^, and (c) mercury 
and other liquid metals like sodium or potassium* From among these, only 
mercury has actually been used in practice. Diphenyl ether could be considered, 
but it has not yet been used because, like most organic substances, it decomposes 
gradually at high temperatures* Aluminium bromide is a possibility and yet to be 
considered. 


When p = 12 bar, the saturation temperature for water, alum inium bromi de, 
and mercury are 187'^C, 482.5°C, and 560*C respectively* Mercury is thus a 
better fluid in the higher temperature range, because at high temperature, its 
vaporization pressure is relatively low* Its critical pressure and temperature are 
1080 bar and 1460®C respectively* 

But in the low temperature range, mercury i s unsuitable, because its saturation 
pressure becomes exceedingly low and il would be impractical to maintain such a 
high vacuum in the condenser. At 30“C, the saturation pressure of mercury is only 
2,7 X 10“"* cm Hg. Its specific volume at such a low pressure is very large, and it 
would be difficult to accommodate such a large volume flow. 

For this reason, mercury vapour leaving the mercury turbine is condensed at a 


higher temperature, and the heat released during the condensation of mercury is 
utilized in evaporating water to form steam to operate on a conventional turbine. 


Thus in the binary (or two-fluid) cycle, two cycles with different working 
fluids are coupled in series, the heat refected by one being utilized in the other. 

The flow diagram of mercury-steam binary cycle and the corresponding T-s 
diagram are given in Figs 12.29 and 12*30 respectively. The mercury cycle, 
a-b-c-dt is a simple Rankine type of cycle using saturated vapour. Heat is 
supplied to the mercury in process d-a. The mercury expands in a turbine 
(processij-b) and is then condensed in process h-c. The feed pump process, c-d^ 
comp letes the cycle, 

The heat rejected by mercury during condensation is transferred to bo11 water 
and form saturated vapour (process 5- 6), The saturated vapour is 
external source (furnace) in the superheater (process 6-1). Superheated steam 
expands in the turbine (process 1-2) and is then condensed (process 2-3)* The 
feedwater (condensate) is then pumped (process 3-4), heated till it is saturated 
liquid in the economizer (process 4-5) before going to the mercury condenser- 
steam boiler, where the latent heat is absorbed* In an actual plant the steam cycle 
is always a regenerative cycle, but for the sake of simplicity, this complication 

has been omitted. 

Let m represent the flow rate of the mercury in the mercury cycle per kg of 
steam circulatin g in the steam cycle* Then for 1 kg of steam 
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and steam rate 
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To vaporize one kg of water, seven to 

The addition of the mercury cycle to the steam cycle results in a marked 
increase in the mean temperature of heat addition to the plant as a whole and 
consequently the efficiency is increased. The maximum pressure is relatively low. 

It may be interesting to note that the concept of the binary vapour cycle evolved 
from the need of improving the efficiency of the reciprocatin 
steam expands up to, say, atmospheric temperature, the resultant volume flow 
rate of steam becomes too large for die steam engine cylinder to accommodate. So 

most of the early steam engines are found to be non-condensing. The binary cycle 
with steam in the high temperature and ammonia or sulphur dioxide in the low 
temperature range, was first suggested by Professor Josse of Gennaiiy in the 
middle of the nineteenth ccntuiy. Steam exhausted from the engine at a relatively 
higher pressure and temperature was used to evaporate ammonia or sulphur 
dioxide which operated on another eye le. But with the progress in steam turbine 
design, such a cycle was found to be of not much uti i ity, since modem turb ines 
can cope efficiently with a large volume flow of steam. 

The mercury-steam cycle has been in actual commercial use for more than 
three decades. One such plant is the Schiller Station in the USA. But it has never 
attained wide acceptance because there has always been the possibility of 
improving steam cycles by increasing pressure and temperature, and by using 


reheat and regeneration. Over the above, mercury is expensive, limited in supply, 
and highly toxic. 

The mercury-steam cycle represents the two-fluid cycles. The mercury cycle is 
called the topping cycle and the steam cycle is cal led the bottoming cycle. If a 
sulphur dioxide cycle is added to it in the low temperature range, so that the heal 
released during the condensation of steam is utilized in forming sulphur dioxide 
vqjour which expands in another turbine, then the mercury-steam-sulphur dioxide 
cycle is a three-fluid or tertiary cycle. Similarly, otlier liquid metals, apart from 
mercury, like sodium or potassium, may be considered for a working fluid in the 


topping cycle. Apart from SO 2 other refrigerants (ammonia, freons, etc.) may be 


considered as working fluids for the bottoming cycle. 

Since the possibilities of improving steam cycles are diminishing, and the 
incentives to reduce fuel cost are very much increasing, coupled cycles, like the 
mercury-steam cycle, may receive more favourable consideration in the near 
future. 
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By combiniiig two cycles in series, even if individual efficiencies are low, it is 
possible to have a fairly high combined efficiency, which cannot be atlained by a 

single cycle. 

For example, if = 0.50 and T }2 = 0.40 

ij = 0,5 + 0.4 - 0,5 X 0.4 0.70 


It is almost impossible to achieve such a high efficiency in a si 


e cycle. 


12.15 Process Heat and By-Product Power 


There are several industries, such as paper mills, textile mills, chemical factories, 
dying plants, rubber m anufacturing plants, sugar factories, etc., where saturated 
steam at Ihe desired temperature is required for heating, drying, etc. For constant 
temperature heating (or drying), steam is a very gCMKl medium, since isothermai 
condition can be maintained by allowing saturated steam to condense at that 
temperature and utilizing the latent heat released for heating purposes. Apart fiom 
the process heat, the factory also needs power to drive various machines, for 
lighting, and for other purposes. 

Formerly it was the practice to generate steam for power purposes at a 
moderate pressure and to generate separately saturated steam for process work at 
a pressure which gave the desired heating temperature. Having two separate units 
for process heat and power is wasteful, for of the total heat supplied to the steam 

for power purposes, a greater part will normally be carried away by the cooling 
water in the condenser. 

By modifying the initial steam pressure and exhaust pressure, it is possible to 
generate the required power and make available for process work the required 
quantity of exhaust steam at the desired temperature. In Fig. 12.32, the exhaust 
steam from the turbine is utilized for process heating, the process heater replacing 
the condenser of the ordinary Rankine cycle. The pressure at exhaust from the 



Fig. 12.32 Back pressure turbine 
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Fig. 12.33 By-produ£t power cycU 


turbine is the saturation pressure corresponding to the temperature desired in the 
process heater. Such a turbine is called a back pressure turbine. A plant produc¬ 
ing both power and process heat is sometimes known as a cogeneration plant. 

When the process steam is the basic need, and the power is produced incidentally 
as a by-product, the cycle is sometimes called a by-product power cycle. 
Figure 12.33 shows the T-s plot of such a cycle. If W-^ is the turbine ou:put in kW, 
the process heat required in kJ/h, and w is the steam flow rate in kg/h 


Wj X 3600 = w(k 
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iVjX 
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(A, - A,) 


or 


fiH 


(Tt X 3600 X (/t2 - A}) 

hj — hj 


kJ/h 


Of the total energy input Qj (as heat) to the by-product cycle, ffj part of 
it only is converted into shaft work (or electricity). The remaining energy 


(G 


1 


ff'j), which would otherwise have been a waste, as in the Rankine cycle (by 


the Second Law), is utili 2 ed as process heat. 

Fraction of energy (g^) utilized in the form of work (Wj), and process heat 

(Gh) ^ ^ by-product power cycle 

_ + Gh 


G 


I 

I 


Condenser loss, which is the biggest loss in a steam plant, is here zero, and the 
fraction of energy utilized is very high. 

In many cases the power available from the back pressure turbine through 
which the whole of the heating steam flows is appreciably less than that required 


in die factory. This may be due to relatively high backpressure, or small heating 


requirement, or both. Pass-out turbines are employed in these cases, where a 
cettam quantity of steam i s continuously extracted for heating purposes at the 
desired temperature and pressure. (Figs 12.34 and 12.35). 






489 


Vapour Fowor Cycles 



Q\ - 

02 ” (W - - ^ 4 ) 

Qh = - *6) kJ/h 

Wj = w(A, - Aj) + (w - wi) (Aj,- Aj) kJ/h 

Wf = (w- w,) (As - A 4 ) + iVi(A 7 - At) kJ/h 

Wi A-f + (H' “ tV[)A5 = w X Ag 

where w is the boiler capacity (kg/h) and w^ is the steam flow rate required (kg/h) 
at the desired temperature for prc«:ess heating. 


12.16 Efficiencies in Steam Power Plant 


For the steady flow operation of a turbine, neglecting changes in KE. and P.E, 
(Figs 12.36 and 12.37). 


w (kg f h) 



Maximum or ideal work output per unit mass of steam 

(WV)™ = = *1 - Al, 

= Reversible and adiabatic enthalpy drop in turbine 

This work is, however, not obtainable, since no real process is reversible. The 
expansion process is acc ompanted by irreversibilities. The actual final state 2 can 
be defined, since the temperature, pressure, and quality can be found by actual 
measurement. The actual path 1-2 is not known and its nature is immaterial, since 
the work output is here being expressed in terms of the change of a property, 
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Fig. 1235 T-s diagram af pawer and process heat plant 


enthalpy. Accordingly, the work done by the turbine in irreversible adiabatic 

expansion from \ to 2 is 

(^T)ictual ” ^1 ~ ^2 


Steam (kg/h) 


Bladas 



Bearings 


Brake output 


Steam exhaust 

Fig. 1236 Effidmdes in a steam turbine 
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Fig. 1237 Internal ej^dency af a steam turbine 

This work is known as internal wort, since only the irreversibilities within the 

flow passages of turbine are affecting the state of steam at the turbine exhaust. 
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Internal output ~ Ideal output - Friction and other losses within the 

turbine casing 

If Wj is the steam flow rate in kg/h 

Internal output - - A 2 ) kJ/h 




- Wj (Ai - A2 s) kJ/h 

The internal tfficiency of turbine is defined as 


^interna! 


Internal output 
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h 


1 
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fh 




Work output available at the shaft is less than the internal output because of 
the external losses in the bearings, etc. 

/. Brake output or shaft output 


Internal output - External losses 

Ideal output - 



losses 



^brmkc 



= (kW X 3600 

The brake efficiency of turbine is defined as 

Brake output 

output 

kW X 3600 

«'i (- *2. ) 

The mechanical efficiency of turbine 1 s 

Brake output 



^niecb 




Internal output 

_ kWx3600 

^hnkt “ ^tnienal ^ ^mcch 

While the internal efficiency takes into considemtion the internal losses, and 



takes into account 
casing). 



the incemat and external losses (with respect to 



The generator (or alternator) effic tency is defined as 

Output at generator terminals 
Brake output of turbine 

The efficiency of the boiler is defined as 



^boiler 


Energy utilized - A 4 ) 


Energy supplied Wf x C. V. 


where is the fuel burning rate in the boiler (kg/h) and C .V. is the calorific value 
of the fuel (kJ/kg), i.e., the heat energy released by the complete combustion of 
unit mass of fuel. 
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r ds = d/r - rdp = 0 
or V dp = dh 

2 2 

Pclp = -JdA = A,-/ii 

1 J 

From steam tables, 

Ai=(AgW = 2675.5 kJ/kg 
*1 = (Vifc" ^ 7.3594 kJ/kg K = j. 

For /? = 10 bar ~ 1 MPa and s = 73594 kJ/kg K, by interpolation 

= 31953 kJ/kg 

= 26753 ^ 31953 - 520 kJ/kg 


It i s thus obsmfed that compress ing steam in vapour form would require over 
500 times more work than compressing it in liquid form for the same pressure 

rise. 


Example 12-2 Steam at 20 bar, 360°C is expanded in a steam turbine to 0.08 
bar. It then enters a condenser, where it is condensed to saturated liquid water. 
The pump feeds back the water into the boiler- (a) Assuming ideal processes, find 
per kg of steam the net work and the cycle efficiency, (b) If the turbine and the 
pump have each 80% efficiency, fmd the percentage reduction in the net work and 
cycle efficiency. 


Solution The property values at different state points {Fig- Ex. 12.2) found from 
the steam tables are given below. 
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3159.3kJ/kg j, = 6,9917 kJ/kgK 
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fp2 


173. 






03926 



K 


= 2403,1 kJ/kg jgp, = 8,2287 kJ/kg K 
= 0.001008 m^/kg = 7,6361 kJ/kg K 
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QMS - 0.2597 
0325 


X 100 


- 20 . 1 % 



Example 12-3 A cyclic steam power plant is to be designed for a steam 
temperature at turbine inlet of 360°C and an exhaust pressure of 0.08 bar. A fter 
isentropic expansion of steam in the turbine, the moisture content at the turbbe 
exhaust is not to exceed 15%. Determine the greatest allowable steam pressure at 
the turbine inlet, and calculate the Rankine cycle efficiency for these steam 
conditions. Estimate also the mean temperature of heat addition. 

Solution As state 2s (Fig. Ex. 12.3), the quality and pressure are known. 



Hg. Ex- 123 


Since 


+^2, Jfs = 0-5926 + 0-85 (8-2287 - 0.5926) 
- 7-0833 kJ/kg K 

J] - Sjt 


s 


1 


7.0833 kJ/kg K 


At state 1, the temperature a nd entropy are dms known- At 360“C, s 


I 


5. 



kJ/kg K, which is less than So from the table of superheated steam, at 

and Sj = 7-0833 kJ/kg K, the pressure is found to be 16-832 bar (by 


t 


i 



interpolation). 

The greatest allowable steam pressure is 




16-832 bar 



= 3165-54 y/kg 

- 173,88 + 0-85 X 2403,1 = 2216-52 kJfkg 
= 173.88 kJ/kg 

= 0.001 x(16.83-0,08) X 100= 1-675 kJ/kg 
= 175.56 kJ/kg 

= = 3165.54- 175.56 

- 2990 kJ/kg 





= 3165,54 - 2216,52 = 949 kJ/kg 

IKp - 1,675 kJ/kg 




= 0,3168 or31.68% 


Mean temperature of heat addition 


hi- _ 2990 

-^4, 7,0833-0.5926 

= 460,66 K=187.5rC 



Example 12*4 A steam power station uses the following cycle: 

Steam at boiler outlet—150 bar, 550“C 

Reheat at 40 bar to 550*C 
Condenser at 0.1 bar. 

Using the Mollier chart and assuming ideal processes* find the (a) quality at 
turbine exhaust, (b) cycle efficiency, and (c) steam rate. 

Solution The property values at different states (Fig, Ex. 12.4) are read from 
the Mollier chart. 




Fig. Ex. 12.4 



hi = 3465, h2, = 3065, ^3 = 3565, 

A 4 J = 2300 kJ/kgX 4 j ^ 0.88, A 5 (steam table) = 191,83 kJ/kg 

Quality at turbine exhaust = 0.8S Arts, (a) 


rp= 

= vdp 

= 10'^ X 150 X 10^ = 

^ IS kl/kg 

^6. ’ 

= 206.83 kJ/kg 



Gr 

= CA,- 

*6.) + (*3 - 

-Aj,) 



- (3465 - 206.83) 

+ {3565- 

-3065)“ 3758.17 kJ/kg 

Wj- 

= (*.- 

*2 J + {Aj - 

-A*.) 



= (3465 - 3065) + (3565 - 2300) - 1665 kJ/kg 
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Wp= 1665- 15 = 1650 kJ/kg 


1650 

3758.17 


= 0.4390, or 43.9^0 


Steam rate = = 2.18 kg/kW h 

1650 


(b) 


Am. (c) 


Example 12.5 In a single^heater regenerative cycle the steam enters the turbine 
at 30 bar, 400°C and the e?diaust pressure is 0.10 bar. The feedwater heater is a 
direct-contact type which operates at 5 bar. Find (a) the efficiency and the steam 
rate of the cycle and (b) the increase in mean temperature of heat addition, 
efficiency and steam rate, as compared to the Rankine cycle (without regen¬ 
eration), Neglect pump work. 

Solution Figure Ex. 12.5 gives the flow, T-s, and h-s diagrams. From the steam 
tables, the property values at various states have been obtained. 


= 3230.9 kJ/kg 



30 bar 400"C 


Pump 


0.1 bar 

Condenser 
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6,9212 = = 


at 5 bar = 6,8213 kJ/kg K 


S ince ^2 ^ the slate 2 must lie m the superheated region. From the table for 

superheated steam ^2 = ^ 72®C, A 2 ” ^^796 kJ/kg 

'^3 “ 6,9212 ^fo.lbaf Ibiar 

= 0,6493+;cj7.5O09 


X 


3 


6^719 


7. 





A 3 - 19L83 -S'0.836 x 2392.8 - 2192,2 kJ/kg 


Since pump work is neglected 


h 

h 


4 


0 


191J3kJ/kg = A 
640.23 kJ/kg = h 


i 

7 


Energy balance for the heater gives 

m(A2 “ A^) ^ {1 - rti) (A^ - Aj) 

m(2796 - 640,23) = (1 - m) (640,23 - 191.83) 


2155.77 m 


m 




T 


Ocycl 


Steam rate 


r. 



(without regeneration) 




548.4 m 


548,4 


2704.17 


0.203 kg 


2 


AO 


(A|-A 2 ) + (1 -m)(A 
(3230,9 - 2796) + 0,797 (2796 - 2192,2) 

916,13 kJ/kg 




1 


A 


& 


3230.9 - 640.23 - 2590,67 kJ/kg 


916.13 

2590.67 

3600 


0,3536, or 35,36% 


Arts 





916.13 


3.93 kgdeW h 


Ans^ (a) 


A 


I 
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A 7 


2590,67 


s 


I 





1 , 


511,95 iC 



238,8“C 


A 


I 


A 4 


Si -s 


4 




6.9212-0,6493 


484.55 K 
211.4=C 


Increase in due to 



238.8 



.4 - 27,4X 


Ans. (b) 
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Wj (without regeneration) = — 


3230.9-2192.2 = 1038.7 kj/kg 


Steam rate (without regeneration) 





I03a7 


3,46 kg/kW h 


Increase in steam rate due to regeneration 


3,93 - 3.46 = 0.47 kgOtW h 


Arts, (b) 


^cycie thout regeneration) 


*1 


h 





J 


h 


i 


h 


4 


3039.07 


0,3418or 34,18% 



in cycle efficiency due to regeneration 

= 3536-34,18 = 1,18% 


Ans. (c) 


Example 12,6 In a steam power plant the c ondition o f steam at inlet to the 


steam turbine is 20 bar and 300®C and the condenser 



is 0.1 



. Two 


feedwater heaters operate at optimum temperatures. Determines (a) the quality o f 
steam at turbine exhaust, (b) net work per kg of steam, (c) cycle efficiency, and 
(d) the steam rate* Neglect pump work. 

Solution From Fig. 12J9 (a), 

=3023.5 kJ/kg 

Si = 6,7664 kJ/kg K = S2 = s^ = 

20 bar = 212“C 


0*1 bar 


46^C 


A/oa = 212 


46 = m^c 


Temperature rise per heater 


m 

3 


55 X 


/* Temperature at which the first heater operates 

= 212-55 = 157X = 1 SOX (assumed) 

Temperature at ivbich the second heater operates = 157-55== 102*^0 = 1 OO'^C 
(assumed) 

At 0.1 bar, 


At lOOX, 


h 


f 


At 1 SOX, 


hf = 

191.83, 

= 2392.8, = 

= 0,6493 

h - 

= 8.1502 



419.04, Afg 

= 2257.0, Sf 

= 1.3069, 

= 7.3549 

hf = 

632.20, Afg ^ 

= 2114.3, = 

= 1.8418, j 

6,7664 - 

1.8418+ JC 3 

X 4.9961 



0,986 






6.8379 
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Qi = 110 MW input 



Flue gas energy 
10 MW (9.1%) 


l^„rt = 34,5MW 

(31.5%) 


(3) 



Condenser 




■ I ■! I I ■ 

T t 

62 = 65.5 MW (59,5%) 


(a) 


30.9 MW 

(46.4%) 


73 MW Input 

_^_ 


<t>) 


Steam 


1 



P 


r 

I 

I 


1.6 




Flue gas 

(2.5%) 



34.5 MW 
(47.3%) 


72.8 MW (3.8%) 

(c) 



Sotittion 


■ 

Q 


1 


W 




-r,,)= looMW 

mass flow rate of hot gas 




100x10 


3 


II X (2000 ^ 450) 


58.7 kg/s 


Exergy flow rate of inlet gas 



ihtlif^h .. L.nhu!- 





= 73 MW 

Exergy fl ow rate of exhaust gas stream 




1.83 MW 


[ 183 1 

X100 J or 2.5% of the initial exergy 

of the source gas. 

The rate of exergy decrease of the gas stream, 

= Exergy input rate = 73 ^ 1,83 = 71.17 = 71.2 MW 

The rate of exergy increase of steam = Exergy utilization rale 

«fu " »*’« tA| - *4 - - «4)1 

Now, h , = (y„ io, “ 2801 kJ/kg, Aj = 169 kJ/kg 

ij = J4 = 0.576 kJ/kgK, = 172.8 U/kg 




= 6.068 

kJ/kgK, *2 ° 1890.2 kJ/kg 

»T' 


-*2 = 2801 

- 1890.2 = 910.8 fcJ/kg 

W^- 

= 

-Aj=l 

72.8 

-169 = 3.8kJ/kg 

Qi- 


- *4 = 2801 - 

- 172.8 = 2628 kJ/kg 

Qi- 


-*3=1 

890.; 

2- 169= 1721 kJ/kg 



e.- 

- gj = 907 kJ/kg 

Qr 

"^5 

X 2628 

= lOOx l0*kW 


-38 

kg/s 



%u = 

= 38 

[2801 - 

■ 172 

.8-300 (6.068-0,576)] 

- 

= 37 

.3 MW 




Rate of exergy destruction in the steam generator 



Rate of exergy decrease of gases - Rate of exergy increase 


o f steam. 


/ = flf. -= 7L2 - 37,3 = 33.9 MW 

Rate of useful mechanical power output 


11^^ = 38x907 = 34.5 MW 

Exergy flow rate of wet steam to the condenser 

<•4 = «'. [*2 - A 3 - ^o(^2 - ^s)] 

= 38 [1890 - 169 - 300 (6.068 - 0.576)1 = 2.8 MW 


This is the exergy loss to the surroundings. 

The energy and exergy balances are shown in Fig. Ex. 12.7 (h) and (c). The 
second law efficiency is given by 



Useful exergy output 

i rrT ffr ^— 

Exergy input 



-0.473 or 47.3% 


Ans, 


+ 


r 


Vapour Power Cycles 



Example 12«S In a steam power plant, the condition of steam at turbine inlet is 
80 bar, 500“C and the condenser pressure is 0* 1 bar. The heat source comprises a 

stream of exhaust gases from a gas turbine discharging at560^C and 1 atm pressure. 

The minimum temperature allowed for the exhaust gas stream is 450 K. The mass 
flow rate of the hot gases is such that the heat input rate to the steam eye le is 
MW. The ambient condition is given by 3Q0K and 1 atm, l^etennine tj], work ratio 

and rjij of the following cycles: (a) basic Rankine cycle, without superheat, 



(b) Rankine cycle with superheat, (c) Rankine cycle with reheat such that steam 
expands in the h.p. turbine until it exits as dry saturated vapour, (d) ideal 

regenerative cycle, with the exit temperature of the exhaust gas stream taken as 
320^C, because the saturation temperature of steam at 80 bar is close to 300°C. 


Solution For the first law analysis of each cycle, knowledge of the h values at 
each of the states indicated in Fig, Ex. 12.S is required. 

{a) Basic Ranidne cycle (Fig. l2.Sa): 

By usual procedure with the help of steam tables. 


=2758, ^ 2 = 1817,^3= 192 and A 4 = 200 kJ/kg 
IFt = -^2 = 941 kJ/kg, JTp = A4 - Aj = 8 kj/kg 

01 = - A 4 = 2558 kJ/kg, = 933 kJ/kg 




= 0.365 or 36,5% 




Work ratio = 








1 3 



500°C 







Fig. £3L 12.8 
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la 


Power output = f}iQ\ = 0-365 x 100 “ 36.5 MW 


Exergy input rate = w„ c 


«Cp l(7;-?'o)-roln^ 


100 X 1000 


833 - 450 

59.3 MW 


(833 " 300) 


300 In 


833 


. I 




36.5 

59.3 


0.616 or 61,6% 


Ans. 


(b) RanMne cycle with superheat (Fig. 12. SbJ ; 

hi = 3398, h 2 = 2130, *3 = 192 and h 




T 


1268 kJ/kg, fV. 


8kJ/kg, 



, = 200 kJ/kg 
3I98kJykg 




Work ratio 


1260 


3198 

1260 

1268 


0394 or 39,4% 


0.994 


Arts 




Exergy^ input rate - 59.3 MW, 


ejxr;, = 39,4 MW 




36.5 

59.3 


0.664 or 66.4% 


Ans 


Improvements in both first law and second law efftctencies are achieved with 
superheating. The specific work output is also increased. Therefore, eonvendonal 
vapour power plants are almost always operated with some superheat. 


(c) Rankine cycle with reheat (Fig. 12.Sc): 


hi ^ 3398, h 


2761, A 

■ 


3482, A^ = 2522, A 


192 and 


kJ/kg 


Wji - 637 kJ/kg, fF-n = 960 kJ/kg 


IT 


T 


W. 




637 + 960 = 1597 kJ/kg, ITp = 8 kJ/kg 
1589 kJ/kg, 01 = 3198 + 721 = 3919 kJ/kg 


riT = 

. 1589 

= 0.405 or 40.5% 

.4/15. 

3919 



Work ratio = 

. . 

= -0.995 

Ans. 


Wr 

1597 



Mechanical power output 100 x 0.405 = 40.5 MW 

Exergy input rate - 59.3 MW 


n\i 


40.5 


59J 


0.683 or 683% 


Ans. 


Compared with basic Rankine cycle, the second law^ efficiency for the reheat 

♦ 

cycle shows an increase of about 11% [(0.683 - 0.616)/0.616], Therefore, most 
of the large conventional steam power plants in use today operate on the Rankine 
cycle with reheat. 


iT- h 


Thui 
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(d) Mankine cycle y^ith complete regeneration (Fig. 12. 



bar = 45.8^C = 318.8 
at 80 bai = 295“C = 568 K 





1 


t; 


i 


r, 


1 




318.S 

568.0 


0.439 or, 43*9“/< 


Ans, 


Q 


1 


h 


1 


h 




2758-1316 = 1442 kJ/kg 


W 







X 0.439 = 633 kJ/kg 


W 





kJ/kg ffV=641 kJ/kg 


W ork ratio 


633 

641 


0 



An^, 


Power output = 0.439 x 100 = 43.9 MW 


Exergy input rate 



X 



833 - 593 


(833 - 300) 



In 


833 

300 J 


94.583 MW = 94.6 MW 


Oil 


43.9 

94.6 


0.464 or 46.4% 


A ns, 


The second law efficiency is lower for regeneration because of the more 
substantial loss of exergy carried by the effluent gas stream at 593 K. 

Example I2«9 A certain chemical plant requires heat from process steam at 
120*^0 at the rate of 5.83 MJ/s and power at the rate of 1000 kW from the 
generator terminals. Both the heat and power requirements are met by a back 
pressure turbine of 80% brake and 85% internal efficiency, which exhausts steam 
at 120'^C dry saturated. All the latent heat released during condensation is util ized 
in the process heater. Find the pressure and temperature of steam at the inlet to the 
turbine* Assume 90% efficiency for the generator. 

Solution At 120“C, = 2202.6 kJ/kg = Aj - A 3 (Fig* Ex. 12.9) 



120*G 



Fig. Ex. 12.9 


Qh ~ ^s(^2 ” ^ 3 ) ” 5.83 MJ/s 



P w 


2.647 kg/s 


w. 


W. 




Now 


*7brtte 


ri * 


h 


1 


A 


2i 


Again 


n 


tenu! 


h 


I 






/z 


z 

1 


h 


2s 




At state 1, 


j 


1 


From the Mollier chart 


P} 


t 


j 


5830 

2202.6 



0.9 


kJ/s 



output 


{1000)/0*9 


Brake output 

■! > I I 

Ideal output >Vj {-^2.) 


524.7 kJ/kg 


0 . 




0.9 X 0.8 X 2.647 


h 


i 




h 


i 




0.85 


h2 “ 0.85 X 524.7 - 446 



A^at 120^C = 2706.3 kJ/kg 

3152.3 kJ/kg 

A,-524.7 = 2627.6 kJ/kg 

^fg 

503.71 4^x2^x2202.6 


212189 




2202.6 


0.964 




1.5276 4-0.964x5.6020 


= 6.928 kJ/kgK 
Aj =3152.3 kJ/kg 
= 6.928 kJ/kg K 


22.5 


360X 



Ans 


Example 12*10 A certain factory has an average electrical load of 1500 kW 
and requires 3.5 MJ/s for heating purpose. It is proposed to install a single- 
extraction passout steam turbine to operate under the following conditions: 

Initial pressure 15 bar. 

Initial temperature 300“C, 

Condenser pressure 0.1 bar. 

Steam is extracted between the two turbines sections at 3 bar, 0.96 dry, and is 
isobarically cooled without subcooHng in heaters to supply the heating load. Tlie 
internal efficiency of the turbine (in the L.P. Section) is 0.80 and the efficiency of 
the boiler is 0.85 when using oil of calorific value 44 MJ/kg. 

If 10% of boiler steam is used for auxiUanes calculate the oil consumption per 
day. Assume that the condensate from the heaters (at 3 bar) and that from the 
condenser (at 0.1 bar) mix ftcely in a separate vessel (hot well) before being 
pumped to the boiler. Neglect extraneous losses. 
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Solution Let Wj be the flow rate of steam (kg/h) entering the turbine, and w the 
amount of steam extracted per hour for process heat (Fig. Ex. 12.10). 


h 

h 


1 

2 


3037.3 y/kg 
56l.47 + 0.96x2163.S 
263 S. 7 kj/kg 


^2= L6718 +0.96x5.3201 
= 6.7791 y/kgK 

= ^3* 

^ 6.7791 = 0.6493 + Xj, X 7,5009 


^3 


5 


6.129S 

7.5009 


0,817 


tv, kg/h 


1 

1 


15 bar 300"C 


y 


Boiler 


IV. 




H.P. 

Turbine 


3 bar 
0,96 dry 


Process 

healer 


7 


T 






i 

1 

1« 

LP. 


Turbine 

t 

I'w, 

% 

- W 


1500 kW 



G 


0.1 bar 




tv 


Condenser 


Hot well 




(a) 


300"C 



0.1 bar 


xj = 0.91 


5 


m 


Fig. Ex. 12.10 


UiheberrechHic^i yRScliu^ztes Halc^riLi 































































































SOS 





h 


3s 


191.83 4- 0.817 X 2392.8 = 2146.75 kJ/kg 


h2 “ A 3 , - 2638,7 - 2146.75 = 491.95 kJ/kg 


h 


2 


h 

h 

h 


3 

3 

3 


OJx 491.95-393.56 kJ/kg 
2638.7-393.56 = 2245.14 kJ/kg 
561.47 kJ/kg, A 4 -191.83 kJ/kg 


Qn - w(h 2 ” A 5 ) = M263%J - 561.47) = 3,5 



w 


3500 




Now 


2077.23 


1.685 kg/s 


= *^,{*1 - *2) + K - w) {*2 - hi ) 

= w,{3037.3 - 2638.7) + (w, - 1,685) x 393.56 
= w, X 398,6 + w, X 393.56 - 663.15 


792.16W,-663.15 


Neglecting pump work 


fVj - 1500 kj/s - 792,16 w, - 663.15 


w. 


2163.15 

792.16 


2.73 kg/s = 9828 kgrti 


By making energy balance for the hot well 


(iv, - w}hn + wh 


5 


w,A 




(2.73 - 1.685)191.83 4 1.685 x 561.47 = 2.73 x h 


6 


200.46 + 946.08 = 2.73 A 

Aj = 419.98kJ/kg = A7 


6 


Steam raising capacity of the boiler = 1.1 w, kg/lu since 10% of boiler steam is 


used for auxiliaries. 


^boi\ 


" WfXC.V. 

where Wf = fuel buroiiig rate (kg/h) 

and C.V. = calorific value of fiiel = 44 MJ/kg 


0.85 


U X 9828 X (30373-419.98) 



or 


IVf 


Wf X 

1.1x9828x2617.32 





0J5x 


.56 X 24 



756.56 kg/h 


1000 


1S.16tdnnes/day 


Ans 


Example 12* U A steam turbine gets its supply of steam at 70 bar and 450“C. 
After expanding to 25 bar in high pressure stages, it is 



to 420®C at the 

constant pressure. Next, it is expanded in intenmediate pressure stages to an 
appropriate minimum pressure such that part of the steam bled at this pressure 


T- 


I * * 
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I 


5m 


heats the feedwater to a temperature of 130°C- The remaining steam expands 
irom this pressure to a condenser pressure of 0.07 bar in the low pressure stage. 
The isentropic efficiency of the h.p. stage is 78*5%, while that of the intermediate 
and E.p* stages ls 83% each* From the above data (a) determine the minimum 
pressure at which bleeding is necessary, and sketch a line diagram of the 
arrangement of the plant, (b) sketch on the T-s diagram all the processes, 

(c) determine the quantity of steam bled per kg of flow at the turbine inlet, and 

(d) calculate the cycle efficiency* Neglect pump work. 


Solution Figure Ex* 12* 11 gives the flow and T-s diagrams of the plant. It would 
be assumed that the feedwater heater is an open heater. Feedwater is heated to 
180'^C. So at 180X = 10 bar is the pressure at which the heater operates. 





70 bar, 450*C « 


GensiTaliQr 


25 bar, 420^^0 


Rehealer 


FW healer 


(1 -m) kg 0*07 bar 
T m kg 

10 bar 


m) kg 


(1 “ m) kgt Cortdehser 


^ Pgmp-2 


\ 

Pumphl 






Urhcbc-nochtlich ge5chLitziL;s Natona 


(b) 

Fig* Ez* 12.11 
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Therefore, the pressure at which bleeding is necessary is 10 bar. Am. (a) 

From the Mol Her chart 


h 


1 


3285, = 3010, = 3280, = 3030 kJ/kg 


= 0.83 {h 


3 


h 


4s 


0.83 X 250 = 207.5 kJ/kg 


- 3280 - 207.5 = 3072.5 kJ/kg 


A 5 , = 2225 kJ/kg 


h 


4 


h 


5 


QM(h 


4 



0.83 X 847.5 = 703.4 kJ/kg 


A 5 “ 3072.5 - 703.4 = 2369,1 kJ/kg 


h 


1 


h 

h 

h 

h 


6 


8 

2 


2 


162.7 kJ/kg 
762.81 kJ/kg 
0.785 (h 


i 


K) 


0.785x275 = 215.9 



3285-215,9 = 3069.1 kJ/kg 


Energy balance for the heater gives 


I- 

i 


mxh^ + (\ - m)hj = 1 x Ag 
m X 3072.5 + (1 -m) x 162,7 = 1 x 762.81 


m 


600.11 

2909.8 


0.206 





flow at turbine ini et. 


Arts, (c) 


# W 


Ocyclc 




4 


^ 5 ) 


215.9 + 207.5 + 0.794x703.4 


2522,2 +210.9 


981.9 

2733.1 


0,3592 or 35.92% 





f 



12*12 A binary-vapour cycle operates on mercury and steam. 


Saturated mercury vapour at 4,5 bar is supplied to 



mercury 




which it ejdiausts at 0.04 bar. The mercury condenser generates saturated steam 
at 15 bar which is expanded in a steam turhine to 0.04 bar. (a) Find the overall 





efficiency of the cycle, (b) If 50,000 kg/h of steam flows 

turbine, what is the flow through the mercury turbine? (c) Assuming that all 

processes are reversible, what is the useful work done in the binary vapOur cycle 
for the specified steam flow? (d) If the steam leaving the mercury condenser is 

superheated to a temperature of 300°C in a superheater located in the mercury 

boiler, and if the internal eHiciencies of the mercury and steam turbines are 0.85 
0.87 respectively, calculate the overall efficiency of the cycle. The properties 
of saturated mercury are given below 


p (bar) 

trC) 

*/ 






(kj/kg) 

(kJ/kgK) 

4.5 

450 

62.93 

355.98 

0.1352 

0.5397 

0.04 

216.9 

29.98 

329.85 

O.OSOS 

0.6925 


V 


V 


f * -g 

(m^/kg) 

79,9 X 10** 0.06S 

76.5 X 10“* 5,17 


’r . ’ 


T- :-\}i ; 


I I 

•- ! !U^- - 


Tl 


I 
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Solution The cycle is shown in Fig. Ex. 12.12. 


For the mercury cycle, /* 


355.98 kJ/kg 


X 


k 


(fPr) 

(W^p) 

W. 


m 




Q^ 


n 


tn 


0.5397 kJ/kg K 






0.0808+;rt, (0.6925-0.0808) 


0.4589 

0.6117 


0.75 


29.98 + 0,75 X 299.87 = 254,88 kJ/kg 


h 

h 


hi 

h 


355.98-254.88 = 101.1 kJ/kg 

76.5 X 10^ X 4.46 X 100-3.41 x 10“^kJ/kg 


101.1 kJ/kg 


K-h 


355.98-29.9 


326 kJ/kg 




Del 


Q 


101.1 


326 


0.31 or31% 


/nkg 


450''C 


Hg 


d/i ^ 
216.Q°C^ ^ 04 ^ 

20O.4°C / har / ^ 5 bar 

^ / 1 kg 




V 


H,0 


0.04 bar 


r r 


Fig, Ex, 12,12 


For the steam cycle 


h 


X 


h 


2792.2 kJ/k 



6.4448 kJ/kgK 


Jf + 


0.4226 + x,(8.4746 - 0.4226) 


6.0222 


8.0520 


0.748 


121.46 + 0,748 X 2432.9 = 1941.27 kJ/kg 


( W't)s, = f> 


h 


2792.2- 1941,27 


850.93 kJ/kg 


(ff^p)st = A 


h 


0.001 X 14.96 X 100 = 1.496 kJ/kg 


1.5 kJ/kg 


h. = 121.46+ 1.5 = 122.96 kJ/kg 






}ih 


Ans. (a) 


e,=A 


i 


h 


I 

4 


2792.2 - 122.96 = 2669.24 kJ/kg 


(^■«t)st = ^50.93 - L5 = S49.43 kJ/kg 




W. 




Q 


I 


B49,43 

2669.24 


0318 or 31.8% 


Overall efficiency of the binary cycle would be 


Coverall ^cn ■*' ^Sl ^ 

-0,31 + 0318-031 X03I8 

= 03294 or 52,94% 


dovetail ^ determined in the following way: 

By writing the energy balance for a mercuiy condenser-steam boiler 

j«(Ab-A(.)= l(Ai -A4) 

where m is the amount of mercury circulating for 1 kg of steam in the bottom 
cycle. 




m 




iotBl 



h 




I 


A4 


2669.24 


h 


b 


h 


25438 - 29,88 


2669,24 


224, 


11.87 




(2i)totai = ^(K - h) = 11^S7 X 326 = 3869,6 kJ/kg 




Ab)-^ 



1 


h^) 


11,87 X 101.1 + 850.93 = 2051 kJ/kg 


^ovcwll 






2051 


fi; 


i 


3869.6 


0.53 or 53% 


If 50,000 kg/h of steam flows through the steam turbine, the flow rate of 
mercury Wm would be 

= 50,000 X 11.87 = 59.35 x lO'* kg/h Ans. (b) 

(IFt),«,i = 2051 X 50,000 = 10255 x 10“ kJ/h 

= 0.2849 X 10* kW = 28.49 MW Ans. (c) 




(»V)m = «. - n b = 0-85 X 101.1 = 85.94 kJ/kg 
AV = 355.98 - 85.94 = 270.04 kJ/kg 






2669.24 

240.06 


= 11.12 kg 


(6i)iottl = ™ (*. - * 4 ) + UA'i - A|) 

= 11.12 X 326 -I- (3037.3 - 2792.2) 

= 3870.22 kJ/kg 

s', = 6.9160 = 0.4226 ;t'2(8.4746 - 0.4226) 




r 


iT- nhtli- h 
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h' 


2 


121*46 + 0,806 X 2432*9 = 2082*38 kJ/kg 



(Wj)^ = h,-k'{=0. 

= 830*78 kJ/kg 

(^^T)totei = 11*12 X 85*94 + 830.78 

. - 1786,43 kJ/kg 




Pump work is neglected* 


Opvcrall 


1786*43 

3870.22 


0*462 or 46*2% 


Arts, (d) 


Review Questions 


12*1 


What are ihe four basic components of a steam power plant? 


12 . 



12.2 Wliat is the reversible cycle that represents (he simple steam power plant? 

the flow* p-Vt T-s and ft-s diagrams of this cycle. 

12*3 What do you understand by steam rate and heat rate? What are their units? 

12*4 Why is Carnot cycle not practicable for a steam power plant? 

] 2*5 What do you understand by the mean temperature of beat add ition? 

12.6 For a given Tj* show how the Rankine cycle efficiency depends on the mean 

temperature 

12*7 WTbat is metallurgical limit? 



Explain how the quality at turbine exhaust gets restricted. 



ifie cycle 


12*9 How are the maximum temperature and maximum prasstue in the 

fixed? 

12.10 When is reheating of steam recommended in a steam power plant? How does the 

reheat pressure get optimized? 

12* 11 What is the effect of reheat on (a) the specific output* (b) the cycle efficiency* (c) 

steam rate, and (d) heat rate* of a steam power plant? 

12*12 Give the flow arxl f-j diagrams o f the ideal regenerative cycl c* Why is the 

efficiency of this cycle equal to Carnot efficiency? Why is this cycle not 
practicable? 

12*13 What is the effect of regeneration on the (a) specific output* (b) mean temperature 

of heat addition* (c) cycle efficiency* (d) steam rate and (e) heat rate of a steam 

power plant? 

12*14 How the regeneration of steam camotize the Rankine cycle? 

12*15 What are open and closed healers? Mention their merits and demerits* 

12.16 Why is one open feedwater heater used in a steam plant? What is it called? 

12.17 How arc the number of heaters and the degree of regeneration get optimized? 

12.18 Draw the T~s diagram of m ideal woridng fluid in a vapour power cycle. 

12.19 Di^ss the desirable characteristics of a woridng fluid in a vapour power cycle. 

12.20 Mention a few working fluids suitable in the high temperature range o f a vapour 

power cycle* 

12.21 What is a binary vapour cycle? 

12.22 What are topping and bottoming cycles? 

12.23 Show that the overall efficiency of two cycles coupled in series equals the sum of 

the individual efficiencies minus their product. 



r 


rr- :nhtl; h 





12.24 What is a cogeneration plant? What are the thermodynamic advantages of such a 

plant? 

12.25 What is a back pressure turbine? What are its applications? 

12.26 What is the biggest loss in a steam plant? How can this loss be reduced? 

12.27 What is a pass-out turbine? When is it used? 

12.28 Define the following: (a) intemaJ work, (b) internal efficiency, (c) brake 

efficiency (d) mechanical effic icncy, and (e) boiler efficiency. 

12.29 Express the overall efficiency of a steam plant as the product of boiler, turbine, 

generator and cycle efficiencies, 

Problems 


12.1 For the following steam cycles, fmd (a) W-j in kJ/kg (b) Wp in kJ/kg, (c) Q1 in 

kJ/kg, (d) cycle efficiency, (cf steam rate in kg/kW h, and (f) moisture at the end 
of the turbine process. Show the results in tabular form with your comments. 


Boilder outlet 

Condenser 

Pressure 

Type of Cycle 

10 bar, saturated 

f bar 

Ideal Rankine Cycle 

-do- 

-do- 

Neglect Wp 

-do- 

-do- 

Assume 75% pump and turbine 
efficiency 

-do- 

0.1 bar 

Ideal Rankine Cycle 

10 bar, 300^C 

-do- 

-do 

150bar,6Oa“C 

-do- 

-do- 

-do- 

-do- 

Reheat to 600^C at maximum 
intermediate pressure to limit 
end moisture to 15% 

-do- 

-do- 

-do- but with 85% turbine 
efficiency 

10 bar, ^turated 

0.1 bar 

Isentrop ic pump process ends 
on saturated liquid line 

-do- 

-do- 

-do- but with 80% machine 

efficiencies 

-do* 

-do- 

Ideal regenerative cycle 

-do- 

-do- 

Single open heater at 110'^C 

-do- 

-do- 

Two open heaters at 90*C and 
135“C 

-do- 

-<k>- 

-do- but the heaters are 

closed heaters 


12.2 A geothermal power plant utilizes steam produced by natuml means 

underground. Steam wells are drilled to tap this steam supply which is available 
at 4,5 bar and 175®C. The steam leaves the turbine at lOO mm Hg absolute 
pressure. The turbine isentropic efficiency is 0.75. Calculate the efficiency of Ihc 
plant. If the unit produces 12.5 MW, what is the steam flow rate? 
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A Simple steam power cycle uses solar coergy for the heat input. Water in the 
cycle enters the pump is i saiumted liquid at 40^C} and is pumped to 2 bar. It 
then evaporates tn the boiler at this pressure, and enters the turbine as saturated 
vapour. At the turbine exhaust the conditions are 40‘^C and 10% moisture. The 
flow rate is 150 kg/h. Determine (a) the turbine isentropic efficiency, (b) the net 
work output (c) the cycle efficiency, and (d) the area of solar collector needed if 
the collectors pick up O.SS kW/m^. 

Ans. (a) 0.767, (b) 15.51 kW, (c) 14.7%, (d) lg2.4 
In a reh^t cycle, the initial steam pressure and the maximum tempemtune are 
150 bar and 550“C respectively. If the condenser pressure is 0.1 bar and the 
moisture at the condenser inlet is 5%, and assuming ideal processes, determine 
(a) the reheat pressure, (b) the cycle efficiency* and (c) the steam rate. 

Ans. 13.5 bar, 43.6%. 2.05 kg/kW h 
In a nuclear power-plant heat is transferred in the reactor to liquid sodium. The 
liquid sodium is then pumped to a heat exchanger where heat is transferred to 
steam. The steam leaves this heat exchanger as saturated vapour at 5 5 bar* and is 
then superheated in an external gas-flrcd superheater to 650^C. The steam then 
enters the turbine* which has one extraction point at 4 bar, where steam flows to 
an open feedwater heater. The turbine efficiency is 75% and the condenser 
temperature is 40^C. Determine the heat transfer in the reactor and in the 
superheater to produce a power ouq>ut of 80 MW. 

In a reheat cycle, steam at 500^C expands in a h.p. turbine till it is saturated 
vapour. It is reheated at constant pressure to 400°C and then expands in a l.p. 

turbine to 40®C. If the maximum moisture content at the turbine exhaust is 

limited to 15%, find (a) the reheat pressure, (b) the pressure of steam at the inlet 
to the h.p, turbine* (c) the net specific worit output, (d) the cycle efficiency, and 


(e) the steam rate. Assuoie all ideal processes. 

What would have been the quality, the work ouq>ut, and the cycle efficiency 
without the reheating of steam? Assume that the other conditions remain the 


same. 





A regenerative cycle operates with steam supplied at 30 bar and 300“C* and 
condenser pressure of 0,08 bar. The ex traction points for two heaters (one elosed 
and one open) are at 3.5 bar and 0.7 bar respectively. Calculate the thermal 
efficiency of the plant, neglecting pump work. 

The net power output of the turbine in an ideal reheat^regenerative cycle is 
100 MW, Steam enters the high-prcssuie (H,P,) turbine at 90 bar, 550®C. After 

expansion to 7 bar, some of the steam goes to an open heater and the balance is 

reheated to 400°C, after which tt expands to 0.07 bar. (a) What is the steam flow 


rate to the H.P, tuibine? (b) What is the total pump work? (c) Calculate the cycle 
efficiency, (d) If diere is a 10®C rise in the temperature of the cooling water, what 
js the rate of flow of the cooling water in the condenser? (e) If the veioc ity of the 
steam flowing from the turbine to the condenser is limited to a maximum of 
130 m/s, find the diameter of the connecting pipe. 

A mercury cycle is superposed on the steam cycle operating between the boiler 
outlet condition of 40 bar, 400®C and the condenser temperature of 40°C. The 
heat released by mercury condensing at 0.2 bar is used to Impart the latent heat of 
vaporization to the water in the steam cycle. Mercury enters the mercury turbine 





as saturated vapour at 10 bar Compute (a) kg of mercury circulated per kg of 
water^ and (b) the efficiency of the combined cycle. 

The property values of saturated mercury are given below 

p(bar) tCQ hr A, s, Vr 


(kJ/kg) 


/ 

(kJ/kg K) 


V 


10 

0.2 


515.5 

277.3 


72.23 

38.35 


363.0 0.1478 0.5167 80.9x10^ 0.0333 
336.55 0.0967 0,6385 77.4x 10-* 1,163 


12.10 In an electric genemtlng station^ using a binary vapour eye Le with mercury in the 

upper cycle and steam in the lower, the ratio of mercury flow to steam flow is 


10 : 1 on a mass basis. At an evaporation rate of 1 ^000^ 


kg/h for the mercury^ 


its specific enthalpy rises by 356 kJ/kg in passing through the boiler. 
Superheating the steam in the boiler furnace adds 586 kJ to the steam specific 

enthalpy. The mercury gives up 251.2 kJ/kg during condensation, and the steam 

gives up 2003 kJ/kg in its condenser. The overall boiler efficiency Is S5%. The 
combined turbine mechanical and generator efficiencies arc each 95% for the 

mercury and steam units. The steam auxiliaries require 5% of the energy 
generated by the units. Find the overall efficiency of the plant. 

12J i A sodium-mcTciJiy"Stcam cycle operates between 1000*^0 and 40®C, Sodium 


rejects heat at 670'’C to mercury. Mercury boils at 24,6 bar 


rejects heat at 


0.141 bar. Both the sodium and mercury cycles are saturated. Steam informed at 
30 bar and is superheated In the sodium boiler to 350®C. It rejects heat at 0.08 
bar. Assume isentroplc expansions, no heat losses, and no regeneration and 
neglect pumping work. Find (a) the amounts of sodium and mercury used per kg 
of steam, (h) the heat added and rejected in the composite cycle per kg steam. 


(c) the total work done per 


steam, (d) the efficiency of the composite cycle, 


(e) the efficiency of the corresponding Carnot cycle, and (f) the work, h^t added, 
and efficiency of a supercritical pressure steam (single fluid) cycle operating at 
250 ba r and between the same temperature limits. 


mercury 


366.78 kJ/kg 

0.48 kJ/kg IC and at 0.141 bar, Sf = 0.09 


and = 0.64 kJ/kg K, hf= 36.01 and = 330.77 kJ/kg 

For sodium, at 100O*C, “ 4982.53 kJ/kg 

At turbine exhaust, h - 3914.85 kJ/kg 
At 670’'C, Af = 745.29 kJ/kg 

For a supercritical steam cycle, the specific enthalpy and entropy at the turbine 

inlet may be computed by extrapolation from the steam tables. 

12.12 A textile factory requires 10,000 kg/h of steam for process heating at 3 bar 

saturated and 1000 kW of power, for which a back pressure turbine of 70% 
internal efficiency is to be used. Find the steam condition required at the inlet to 
the turbine. 

12.13 A 10,000 kW steam turbine operates with steam at the inlet at 40 bar, 400“C and 

exhausts at 0.1 bar. Ten thousand kg/h of steam at 3 bar are to be extracted for 
process work. The turbine has 75% isentropic efficiency thioughout. Find the 
boiler capacity required, 

12.14 A 50 MW steam plant built in 1935 operates with steam at the inlet at 60 bar, 

450X and exhausts at 0.1 bar, with 80% turbine efficiency. It is proposed to 
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(b) the work done in the turbines ^ 
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1279 In a combined power andprocess plant the boi ler generates 2! ^000 h g7i of steam 

at a pressure of 17 bar, and temperature 230®C. A part of the steam goes to a 
process heater which consumes 132.56 kW^ the steam leaving the process healer 
0.957 dr>' at 17 bar being throttled to 3.5 bar. The remaining steam flows through 

a ILP. turbine which exhausts at a pressure of 3,5 bar. The exhaust steam mixes 

with the process steam before entering the L.P. turbine which develops 
1337,5 kW. At the exhaust the pressure is OJ bar, and the steam is 0.912 dry. 
Draw a line diagram of the plant and determine (a) steam quality at the exhaust 

from the H.P. turbine, (b) the power developed by the H,P, turbine, and (c) the 

isentropic efficiency of the HP, turbine, 

Ans. (a) 0.96, (b) 1125 kW. (c) 77% 

12.20 In a cogeneration plant, the power Load is 5.6 MW and the heating load is 

1.163 MW. Steam is generated at 40 bar and 500°C and is expanded 
isentropicaLly through a turbine to a condenser at 0.06 bar. The heating load is 
supplied by extracting steam from the turbine at 2 bar which condensed in the 
process heater to saturated liquid at 2 bar and then pumped back to the boiler. 
Compute (a) the steam generation capacity of the boiler in tonnesi/h, (b) the heat 
input to the boiler in MW, and (e) the heat rejected to the condenser in MW, 

Ans. (a) 19.07 t/h, (b) 71,57 MW, and (c) 9.607 MW 

12.21 Steam is supp I ied to a pass-out turbine at 3 5 bar, 3 5 0°C and dry saturated process 

steam is required at 3.5 bar. The low pressure stage exhausts at 0.07 bar and the 
condition line may be assumed to be straight (the condition line is the locus 
passing through the states of steam leaving the various stages of the turbine). If 
the power required is L MW and the maximum process Load is 1.4 kW, estimate 
the maximum steam flow through the high and Low pressure stages. Assume that 
the steam Just condenses in the process plant. 

Ans. 1.543 and 1.182 kg/s 
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12*22 



can 



as a continuous 



12.24 


of steam 0.87 dry at 2 bar and ai a flow rate of 2700 kg/h. This is utilized in a 

pressiue 




mixed-pressure cycle to augment the superheated exhaust from a 

turbine of 83^ intemal efficiency, which is supplied with 5500 kg/h of 

40 bar and 500“C. The mixing process is adiabatic and the mixture is expanded 
to a condenser pressure of 0.10 bar in a low pressure turbine of 78% internal 

efficiency* Determine the power output and the thermal efficiency of the plant* 

Ans. 1745 kW, 35% 

12 In a study for a space project it is thought that the condensatiou of a working fluid 

might be possible at -40®C, A binary cycle is proposed* using RelTigeiant-12 as 
the low temperature fluid, and water as the high temperature fluid. Steam is 

generated at 80 bar, 500°C and expands in a turbine of 81% isentinopic efficiency 

to 0.06 bar, at which pressure it is condensed by the generation of dry saturated 
refngerant vapour at 30*C from saturated liquid at -40*C* The isentropic 
efficiency of the R-12 turbine is 83%* Determine the mass ratio of R^12 to water 




and the efficiency of the cycle. Neglect all losses. 

Ans. 10.86; 44*4% 

at 70 bar, 500°C and expands in a turbine to 30 bar with an 
isentropic efficiency of 77%. At this condition it is mixed with twice its mass of 
steam at 30 bar, 400°C* The mixture then expands with an isentropic efficiency 
of 80% to 0.06 bar. At a point in the expansion where the pressure is S bar, steam 
is bled for feedwater heating tn a direct contact heater, which raises the feedwater 
to the saturation temperature of the bled steam. Calculate the mass of steam bled 
per kg of high pressure sleatn and the cycle efficiency. As assume that the L.F. 
expansion condition line in straight. 

Ans. 0*53 kg; 31.9% 

12.25 An ideal steam power plant operates beiw^n 70 bar, 550*^0 and 0.075 bar. It has 

seven feedwater heaters. Find the optimum pressure and temperature at which 
each of the heaters operate* 

12*26 In a reheat cycle steam at 550^C expands in an h*p. turbine till it is saturated 

vapour* It is reheated at constant pressure to 400°C and then expands in a l.p. 

turbine to 40“C. If the moisture content at turbine exhaust is given to be 14*67%, 

find (a) the reheat pressure, (b) the pressure of steam at inlet to the h.p* turbine, 
(c) the net work output per kg, and (d) the cycle efficiency. Assume all processes 

to be [deal* 

Arts, (a) 20 bar, (b) 200 bar, (c) 1604 kJ/kg, (d) 43.8% 
12.27 In a reheat steam cycte, the maximum steam lemperaiure is limited to 500°C. 


The condenser pressure is 0* I bar 



the quality at turbine exhaust is 0.8778* 


Had there been no reheat, the exhaust quality would have been 0.7592. Assuming 
ideal processes, determine (a) the reheat pressure, (b) the boiler pressure, (c) the 

cycle efficiency, and (d) the steam rate. 

Ans. (a) 30 bar, (bj 150 bar, (c) 50.51%, (d) 1.9412 kg/kWb 
12*38 In a cogeneration plant, steam enters the h.p. stage of a two-stage turbine at 

1 MPa, 200®C and leaves it at 0*3 MPa. At this point some of the steam is bled 
off and passed through a heat exchanger which it leaves as saturated liquid at 

0.3 MPa. The remaining steam expands in the l.p. stage of the turbine to 40 kPa* 

The turbine is required to produce a total power of 1 MW and the heat exchange 
to provide a heating rate of 500 K.W. Calculate the required mass flow rate of 








Here gas is the working fluid. It does not undergo any phase change. Engines 
operating on gas cycles may be either cyclic or non-cyclic. Hot air engines using 
air as the working fluid operate on a closed cycle. Internal combustion engines 
where the combustion of fuel takes place inside the engine cylinder arc non-cyclic 
heat engines. 


13*1 Carnot Cycle (1824) 

The Carnot cycle (Fig. 13 J) has been discussed in Chapters 6 and 7. It consists 
of: 



Fig. 13.1 Carnot tyclt 


Two reversible isothemis and two reversible adiabatics. If an ideal gas is 
assumed as the working fluid, then for 1 kg of gas 


01-2 ' 

= RTf In ■ 

£l. 

> 

»'l-2 = 

^ RT, In 




02-3' 

o 

II 

^3 ” 

- c. (r. 

-T^ 


1 i 

st : 

i[r-| 

.\i 

1 

-h - 

2 - C; h U i 

1 

- 1 - ^ • 

_ri 



I 






















522 


Bask and AppUid Hittmidymfiiics 


Qi- 


V 




«7',ln 


III 


04-1 ~ 0; ff'4_i 


c,(r, - T,) 


liQ 


Yav 


Cycle 


cycle 


Now 


V 

I 

[) 


^2 


1 /(Y-1) 


and 


V 


V 


T. 


i/a-i) 


V 


V 


V 


V 


£2 

Vi 


El 


Therefore 


Q 


Heat added = i?rt In 


El 

V, 


W 




01-02 


^cycle 


w. 




Q 


= /fln —(r, 

Vi 

Ji-7i 

T, 


Ti) 


(13.1) 


The large back work (W^= is a big drawback for the Carnot gas cycle, 
as in the case of the Carnot vai>our eye le. 


13.2 Stirling Cycle 


The Stirling cycle (Fig* 13*2) consists of* 

Two reversible isotherms and two reversible isochores. For 1 kg of ideal gas 
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Due to heat transfers at constant volume processes, the efficiency of the 
Stirling cycle is less than that of the Carnot cycle* However, if a regenerative 
arrangement is used such that 


Q2- 


Q 4 _i, i-e*, the area under 2-3 is equal to the area under 4-1, then 


cycle efficiency becomes 
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Fig* 13*2 Stirling cycle 
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So, the regenerative Stirling cycle has the same efTiciency as the Carnot cycle. 


13.3 Ericsson Cycle (1850) 


The Ericsson cycle (Fig. 13J) is made up of: 



Two reversible isotherms and two reversible isobars* 
For 1 kg of ideal gas 
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S ince part of the heat is transferred at constant pressure and part at constant 

temperature, the efficiency of the Ericsson cycle is less than diat of the Carnot 

cycle. But with ideal regeneration, § 2-3 “ 04-j so that all the heat is added from 
the external source at and all the heat is rejected to an external sink at the 
efficiency of the eye !e becomes equal to the Camot cycle efficiency, since 
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(13.3) 


The regenerative, Stirling and Ericsson cycles have the same efficiency as the 
Camot cycle, but much less back work. Hot air engines working on these cycles 
have been successfully operated. But it i s difficult to transfer heal to a gas at high 


rates since the gas film has a very low thermal conductivity* So there has not been 
much progress in the development of hot air engines. However, since the cost of 
internal combustion engine fuels is getting excessive, these may find a field of use 
in the near future* 


13.4 Air Standard Cycles 

internal combustion engines (Fig. 13.4) in which the combu5ti/)n of fuel occurs in 
the engine cylinder itself are non-cyclic heal engines* The temperature due to the 
evolution of heat because of the combustion of fuel inside the cylinder is so high 
that the cylinder is cooled by water circulation around it to avoid rapid 
deterioration. The working fluid, the fuel*air mixture, undergoes permanent 
chemical change due to combustion, and the products of combustion afler doing 
work are thrown out of the engine, and a iiesh charge is taken. So the working 

fluid does not undergo a complete thermodynamic cycle* 

To simplify the analysis of I.C. engines, airsOindard vycUs are conceived. In 

an air standard cycle, a certain mass of air operates in a complete thermodynamic 

cycle, where heat is added and rejected with external heat reservoirs, and all the 
processes in the cycle are reversible* Air is assumed to behave as an ideal gas* 
and its specific heats are assumed to be constant* These air standard cycles are so 
conceived that they correspond to the operations of interna! combustion engines. 


13.5 Otto Cycle (1876) 

One very common type of internal combustion engines is the Spark Ignition (SX) 
engine used in automobiles. The Otto cycle is the air standard cycle of such an 
engine. The sequence of processes in the elementary operation of the S*L engine 
is given below, with reference to Fig. 13*5{a, b) where the sketches of the engine 
and the indicator diagram are given. 
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Process 1-2^ Intake. The inJct valve is open, the piston moves to the right, 
admitting fuel-air mixture into the cylinder at constant pressure. 

Process 2-S, Compress ton. Both the valves are closed, the piston compiesses the 
combustible mixture to the minimum vol ume. 


Process 3—4^ Combustion. The mixture is then ignited by means of a spark, 
combustion takes place, and there is an increase in temperature and pressure. 
Process 4-5, Expansion. The products of combustion do work on the piston 
which moves to the right, and the pressure and temperature of the gases decrease. 
Process 5- 6, Slow-down. The 
initial pressure. 

Process 6-1 ^ Exhaust. With the exhaust valve open, the piston moves inwards to 










The series of processes as described above constitute a mechanical cycle ^ and 

not a thermodynamic cycle. The cycle is completed in four strokes of the piston. 
Figure 13,5 (c) shows the air standard cycle (Otto cycle) corresponding to the 
above engine. It consists of: 


Two reversible adiabatics and two reversible isoebores. 



Air is compressed in process 1-2 reversibly and adiabatically. Heat is then 

added to air reversibly at constant volume in process 2—3, Work is done by air in 

expanding raversibly and adiabatically in process 3™4. Heat is then rejected by 

air reversibly at constant volume in process 4-1, and the system (air) comes back 
to its initial state. Heat transfer processes have been substituted for the 
combustion and blow-down processes of the engine. The intake and exhaust 
processes of the engine cancel each other. 

Let m be the fixed mass of air undergoing the cycle of operationa as described 


above. 

Heat supplied = mc^ - T^) 

Heal rejected Q 2 - 


Efficiency 17 - 
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bums spontaneously. The rate of burning can, to some extent^ be controlled by the 
rate of inj ection of &el. An engine operating in thi s way is called a compression 
ignition (C.I.) engine. The sequence of processes in die elementary operation of a 
CJ. engine, shown in Fig* 13*6, is given below* 
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(a) m 

Fig. 13*6 (ii) C.I. engine (b) Indk&tAf diagram 

Process 1-2^ Intake. The air valve is open. The piston moves out admitting air 

into the cylinder at constant pressure* 

Process 2-3^ Compression. The air is then compressed by the piston to the 
minimum volume with ail the valves closed. 

Process 3—4, Fuel injection and combustion. The Aiel valve is open, fuel is 
sprayed into the hot air, and combustion takes place at constant pressure. 
Process 4-5, Expansion. The combustion products expand, doing work on the 
piston which moves out to the maximum volume* 

Process 5-6, Blow-dcfwn. The exhaust valve opens, and the pressure drops to the 
initial pressure* 

Pressure 6-1, Exhaust. With the exhaust valve open, the piston moves towards 
the cylinder cover driving away the combustion products fmm the cylinder at 


The above processes constitute an engine cycle, which is completed in four 
'^strokes of the piston or two revolutions of the crank shaft. 

/ Figure 13*7 shows the air standard cycle, called the Diesel cycle, correspond- 
" ing to the C*I. engine, as described above* The cycle is composed of: 


Two reversible adiabatics, one reversible isobar, and one reversible isochore 


Air is compressed reversibly and 


in process 1-2* Heat is then 


added to it from an extemal source reversibly at constant pressure in process 2-3. 
Air then expands reversibly and adiabatically in process 3-4. Heat is rejected 
reversibly at constant volume in process 4-1, and the cycle repeats itself. 


For m kg of air in the cylinder, 


can 


as given below. 
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Fig. 13.7 Diesel cycle 



The efficiency may be expressed in terms of any two of the following three 
ratios 


Compression ratio, 
Expansion ratio. 

Cut-off ratio, 

It U seen that 
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13.7 Limited Pressure 

or Dual Cyde 



Mised 



The air standard Diesel cycle does not ainmlate exactly the pressure-volume 
variation in an actual compression ignition engine, where the fuel injection is 
started before the end of compression stroke, A closer approximation is the 
limited pressure cycle in which some part of heat is added to air at constant 
volume, and the temainder at constant pressure. 

Figure 13,3 shows the p-v and T-s diagrams of the dual cycle, Keat is added 
reversibly, partly at constant volume (2-3) and partly at constant pressure (3-4). 
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The efficiency of the cycle can be expressed in terms 
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Tfie efficiency of the Brayton cycle, therefore, depends upon either the 
compression ratio or the pressure ratio. For the same compression ratio, the 
Brayton cycle efficiency is equal to the Otto cycle efficiency* 

A closed cycle gas turbine plant (Fig. 13.13) is used in a gas-cooled nuclear 
reactor plant, where the source is a high temperature gas-cooled reactor (HTGR) 
supplying heat from nuclear fission directly to the working fluid (a ps). 

Both Rankine cycle and Brayton cycle consist of two reversible isobars and 
two reversible adiabatics (Fig. 13 J3 (d)). While In R^ldne cycle, the working 
fluid undergoes phase change, in Brayton cycle the working fluid always remains 

r 

in the gaseous phase* Both the pump and the steam turbine in the case of Rankine 
cycle, and the compressor and the gas turbine in the case of Brayton cycle operate 
through the same pressure di ffcrcnce of p j and All are steady-flow machines 


m 


case 


and the work transfer is given by 


? 


Pi 


V For Brayton cycle, the average 


specific volume of air handled by the compressor is less than the same of gas in 
the gas turbine (since the gas temperature is much hi gher), the work done by the 
gas turbine is more than the work input to the compressor, so that there is 
available to deliver* In the case of Rankine cycle, the specific volume of water in 
the pump is much less than that of the steam expanding in the steam turbine, so 
Wj » Therefore, steam power plants are more popular than the gas turbine 
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13.9.1 Comparison between (^ek and OBo C^ck 

Brayton and Otto cycles are shown superimposed on the/>-v and T-s diagrams in 
Fig. 13.14. For the same and work capacity, ihe Brayton cycle (1-2-5-6) 

handles a larger range of volume and a smaller range of pressure and temperature 
than does the Otto cycle (1-2-3-4). 

In the reciprocating engine field, the Brayton cycle is not suitable. A 
reciprocating engine cannot efficiently handle a large volume flow of low pressure 


gas, for which the engine size (fr/4D^ L) becomes large, and the friction losses 


also become more. So the Otto cycle is more suitable in the reciprocating engine 

field. 



Fig. 13,14 Ctmparison of Otia and Mraytm cycles 

In turbine plants, however^ the Brayton cycle is more suitable dian the Otto 
cycle. An internal combustion engine is exposed to the highest tempemture (after 
the combustion of fuel) only for a short while, and it gels time to become cool in 
the other processes of the cycle. On the other hand, a gas turbine plant, a steady 
flow device, is always exposed to the highest temperature used. So to protect 
material, the maximum temperature of gas that can be used in a gas turbine plant 
cannot be as high as in an internal combustion engine. Also, in the steady flow 
machinery, it is more diflicult to cany out heat transfer at constant volume than at 
constant pressure. Moreover, a gas turbine can handle a large volume flow of gas 


quite efficiently. So we find that the Brayton cycle is the 
for all modem gas turbine plants. 



air standard cycle 


13.9.2 





The efficiency of the Brayton cycle can be increased by utilizing part of the 
energy of the exhaust gas from the turbine in heating up the air leaving the 
compressor in a heat exchanger called a regenerator^ thereby reducing the 
amount of heat supplied from an external source and also the amount of heat 
rejected. Such a cycle is illustrated in Fig, 13.15. The temperature of air leavmg 
the turbine at 5 is higher than that of air leavmg the compressor at 2. In the 
regenerator, the temperature of air leaving the compressor is raised by heat 
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In practice the regenerator is costly^ heavy and buLky^ and causes pressure 

losses which hriog alxmt a decrease in cycle efficiency. These factors have to be 
balanced against the gain in efficiency to decide whether it is worthwhile to use 
the regenerator 

Above a certain pressure ratio ijy^P \) the addition of a regenerator causes a 
loss in cycle efficiency when compared to the original Brayton cycle. In this 
situation the compressor discharge temperature (r 2 ) is higher than the turbine 
exhaust gas temperature (fj) (Fig. 13,15). The compressed air will thus be cooled 
in the regenerator and the exhaust gas will be heated. As a result both the heat 
supply and heat rejected are increased. However, the compressor and turbine 
works remain unchanged. So, the cycle efficiency decreases. 

Let us now derive an expression for the ideal regenerative cycle when the 
compressed air is heated to the turbine exhaust temperature in the regenerator so 
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(Fig, 13.15). Therefore, 
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(13.13) 


For a fixed ratio of (f 1 / 74 ), the cycle efficiency drops with increasing pressure 


ratio. 
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The Brayton cycle is highly sensitive to the real machine efficiencies of the 
turbine and the compressor. Figure 13,16 shows the actual and ideal expansion 
and compression processes. 


Turbine efficiency, t/t = 


Compressor e ffic iency,Tj(; 
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From Fig. 13.17 it is 



that the work capacity of the cycle^ operating 


between L 


and is zero when = 1 passes through a maximum, and then 


again becomes zero when the Camoi efTiciency is reached. There is an optimum 

value of pressure ratio at which work capacity becomes a maximum, as 
shown in Fig. 13.19. 
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Fig. 13.19 
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From Eqs (13.14) and (13.16) 


(13.16) 



(13.17) 




= Cp[r3-2VW + 7’i3 

or (»;«)««= - yfT^f (13.18) 

= 1 - = 1 “ (13-19) 

Considering the cycles 1-2-3-4' and 1-2'-3(Fig. 13,17), it is obvious 
that to obtain a reasonable work capacity, a certain reduction in efliciency must 
be accepted. 



13*9.5 

The efficiency of the Brayton cycle may often be increased by the use of staged 
compression with intercooling, or by using staged heat supply, called reheat. 

Let the compression process be divided into two stages. Air, after being 
compressed in the first stage, is cooled to the initial temperature in a heat 
exchanger, called an intercooler, and then compressed further in the second stage 
(Fig. 13.20). l-2'-5-6 is the ideal cycle without intercooling, having a single- 
stage compression, 1^2'^3^*6 is the cycle with intercooling, having a two-stage 


compression. The cycle 2-3'4-2' is thus added to 



cycle l-2'-5-6. There 


is more work capacity, since the included area is more. There is more heat supply 
also. For the cycle 4-2'-2-3, is lower and J'nj 2 higher (lower Tp) than those of 
the basic cycle l-2''-5-6. So the efficiency of the cycle reduces by staging the 
compression and intercooling. But if a regenerator is used, the low temperature 
beat addition (4~2') may be obtained by recovering energy from the exhaust gases 
from the turbine. So there may be a net gain in efficiency when intercooling is 
adopted in conjunction with a regenerator. 

Similarly, let the total heat supply be given in two stages and the expansion 
process be divided in stages in two tiubines and T 2 ) with intermediate reheat, 
as shown in Fig. 13.21. 1-2-3-4' is the cycle with a single-stage heat supply 
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having no reheat, with total expansion in one tuihine only. 1-2-3-4*5-6 is the 
cycle with a single-stage reheat, having the expansion divided into two stages. 
With the hmlc cycle, the cycle 4-5-6-4 is added because of reheat. The work 
cj^acity increases, but the heat supply also increases. 



(b) (c) 


Fig, 13.20 ifftct of initreooling on Braylm tycU 

In the cycle 4-5-6-4', is lower than in the basic cycle 1-2-3-4', so its 
efficiency is lower. Therefore, the efficiency of die cycle decreases with the use 
of reheat. But is peater than Therefore, if regeneration is employed, there 
is more energy that can be recovered from the turbine exhaust gases. So when 
regeneration is employed in conjunction with reheat, diere may be a net gain in 
cycle efficiency. 

If in one cycle, several stages of intercooling and several stages of reheat are 
employed, a cycle as shown tn Fig. 13.22 is obtained. When the number of such 
stages is large the cycle reduces to the Ericsson cycle with two reversible tsobais 

and two reversible isotherms. With ideal regeneration the cycle efficiency 
becomes equal to the Carnot efficiency. 
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Fig't 13.21 E^eei of reheat on Brayton cycle 


Ideal Regenerative C^cle with Iniercooling and Reheal 

Let us consider an ideal regenerative gas turbine cycle with two-stage 
compression and a single reheat. It assumes that both intercoollng and reheating 
take place at the root mean square of the high and low pressure in the cycle, so 
that Pi = P 2 ~ P 7 ~ Pi - Also, the temperatiu^ 

after intercooling is equal to the compressor inlet temperature = r 3 ) and the 
temperature after reheat is equal to the temperature entering the turbine initially 


(h=ny 

Here, 


01 = 

Cp {r* - r,) + Cp{ Fg - r,) 

Since — = 

P% 

and Tfi = 

r., it follows that r, = r, = Tq. 
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The propulsive efficiency, is defined by: 



Propulsive power 

Energy input rate 



(13.22) 


(13.23) 


It is a measure of how efficiently the energy released during combustion is 
converted to propulsive power 

Space and weight limitations prohibit the use of regenerators and intercoolers 
on aircraft engines. The counterpart of reheating is afterburning. The air-fuel ratio 
in a jet engine is so high that the turbine exhaust gases are sufficiently rich in 
oxygen to support the combustion of more fuel in an afterburner (Fig. 13.26). 
Such burning of fuel raises the temperature of the gas before it expands in the 
nozzle, increasing the K.E. change in the nozzle and consequently increasing the 
thrust. In the air-standard case, the combustion is replaced by constant pressure 
heat addition. 


Inlet; Compressor 


Burner'Turbirw 


Afterburner 


Exhaust 

nozzle 



Fuel Injectors Flame holder 
Fig. 13.26 Turbojet engine with tffierbumer 


The most widely used engine in aircraft propulsion is the turbofan engine 
wherein a large fan driven by the turbine forces a considerable amount of air 
through a duct (cowl) surrounding the engine (Figs 13.27 and 13.28). The fan 
exhaust leaves the duct at a higher velocity^ enhancing the total thrust of the 
engine significantly. Some of the air entering the engine ftows through the 
compressor, combustion chamber and turbine, and the rest passes through the fan 
into a duct and is either mixed with the exhai^t gases or is ischarged separately. 
It improves the engine performance over a broad operating range. The ratio of the 
mass flow rates of the two streams is catted the bypass ratio. 
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Fig, 13,28 Turbofan or bypass jet engines 


Bypass ratio = 


^turbine 

■ 

^turbine 


The bypass ratio can be varied in flight by various means. Turbofan engines 
deserve most of the credit for the success of jumbo Jets, which weigh almost 
400,000 kg and are capable of carrying 400 passengers for up to 10,000 km at 

speeds over 950 km/h with less fuel per passenger mile. 

Increasing the bypass ratio of a turbofan engine increases thrust. If the cowl is 
removed from the fan the result is Si turboprop engine (Fig, 13.29). Turbofan and 
turboprop engines differ mainly in their bypass ratio 5 or 6 for turbofans and as 
high as 100 for turboprop. In general, propellers are more efficient than jet 
engines, but they are limited to low^speed and low-altitude operation since their 
efficiency decreases at high speeds and altitudes. 
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Fig* 13*29 Turboprop 


A particularly simple type of engine known ramjet is shown in Fig. 1330. 
This engine requires neither a compressor nor a turbine. A sufficient pressure rise 
is obtained by decelerating the high speed incoming air in the diffuser (ram effect) 
on being rammed against a barrier. For the ramjet to operate, the aircra^ must 
already be in flight at a sufficiently great speed. The combustion products exiting 

the combustor are expanded through a nozzle to produce the thrust . 

In each of the engines mentioned so far, combustion of the fuel is supported by 
air brought into the engines from the atmosphere. For very high altitude flight and 
space travel, where this is no longer possible, rockets may be employed. In a 


Fuel nozzles or spray bars 



Flameholdars 


Fig. 1330 Ftumjit ett^^ne 


rocket, both fuel and an oxidizer (such as liquid oxygen) are carried on board of 
the craft. High pressure combustion gases are expanded in a nozzle. The gases 
leave the rocket at very high velocities, producing the thrust to propel the rocket. 

13.11 Brayton-Rankine Combined Cycle 

Both Rankine cycle and Brayton cycle consist of two reversible isobars and two 

reversible adiabatics. While the former is a phase change cycle, in the latter the 

working fluid does not undergo any phase change. 
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A gas turbine power plant operating on Brayton cycle has certain disadvan¬ 
tages like large compressor work^ large exhaust loss, sensitivity to machine inef* 
ficiencies and t^q), relatively lower cycle efficiency and costly fuel. Due to 
these factors, the cost of power generation by a stationary gas turbine in a utility 
system is high. However, a gas turbine plant offers certain advantages also, such 
as less installation cost, less installation time, quick starting and stopping, and 
fast response to load changes. So, a gas turbine plant is often used as a peaking 
unit for certain hours of the day, when the energy demand is high. To utilize the 
high temperature exhaust and to raise its plant efficiency a gas turbine may be 
used in conjunction with a steam turbine plant to offer the gas turbine advantages 
of quick starting and stopping and permit fl exible operation of the combined plant 
over a wide range of loads. 

Let us consider two cyclic power plants coupled in series, the topping plant 
operating on Brayton cycle and the bottoming one operating on Rankine cycle 
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Fig. 13^ 1 Brayian’Rankine combined cycle plant 
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gj =WfX CV. 


where Wf is the fuel burning rate. 

High overall efficiency, low investment cost, 
operating flexibility, 



water requirement. 







Example 13.1 An engine working on the Ouo C3^1e is supplied with air at 

0.1 MPa, 35*^0. The compression ratio is 3. Heat supplied is 2100 kJ/kg, 
Calculate the maximum pressure and temperanire of the cycle, the cycle 
efficiency, and the mean effective pressure. (For air, = 1 *005, = 0*71B, and 
R = 0*287 kJ/kg K)* 

Soiution From Fig, Ex, 13.1 

Ji « 273 + 35 - 308 K 



Fig. Ex. 13.1 


p,-0.1 MPa - IOOIcNW 
e, =2100kJ/kg 








Cut-ofF ratiOt 







Bg* £x« 13*2 


, 1 1 'v-i 

_ \ _1 {1.78)‘-'* -1 

1.4 {14)®-'* 1.78 - 1 

= 1 - 0.248 • = 0.605, i.e., 60.5% Ans. 

0.78 

Example 13 J In an air standard Diesel cycle, the compression ratio is 16, and 
at the beginmiag of isentropic compression, the temperature is 15“C and the 
pressure is 0* 1 MPa* Heat is added until the temperature at the end of the constant 

pressure process is 1480®C, Calculate (a) the cut*off ratio, (h) the heat supplied 

♦ 

per kg of air, (c) the cycle efficiency, and (d) the m*e*p. 

Solution From Fig* Ex. 13.3 
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Fig. Ex. 134 
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p, =0.i MPa= 

r, = 1480+ 273 = 1753 K 





= 1.005(1753 - 873) 

= 884*4 ki/kg 












Heat rejected, Qi = (T^ - = 0.718 (766 - 288) = 343.2 kJ/kg 


Cycle efficiency 
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RTj _ 

Pi 

0*827 


0.287x288 


0,827 m^/kg 



0.052 m^/lcg 


1 

2 



V 


3 


1 

2 


0.827--0.052 = 0.775 m"/kg 


Ans. 
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Example 13^ An air standard dual cycle has a compression ratio of 16, tad 
compression begins at 1 bar* 50°C* The maximum pressure is 70 bar. TTie heat 


transferred to 




is equaJ to that at constant volume. Estimate 

, (b) the cycle 


efficiency, and (c) the m.e.p. of the cycle, “0.718 kJ/kg K, Cp “ 1.005 kJ^g K. 
Solution Given: (Fig. Ex. 13.4) 


r, = 273 + 50 = 323 K 




Fig. Ex. 13.4 
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clT: 


Ti)=l. 


375 K 


X 375 = 376, 


X 252 = 253.26 



T 


252 ^ 303 = 555 K 


Q 


Aj = c„{rj-r 2 )= 1.005 (1173-555) = 621.09 kJ/kg 


n 


w 


m 


c 


a 


376,88 - 253.26 


621.09 


0.199 or 19,9% 


With regenerator 


T 


-375= 1173-375 = 798 K 


Regenerator effectiveness 


T, 
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T2 


T. 


0.75 


or 


T^-555 

n 

Q^ 


0.15 (798 - 555) 
7373 K 


Aj 

1 . 
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S - CJ'3 - 7'6) 

(1173-737.3) 


437,88 kj/kg 


remains the same. 


* * 


1 ? 


tv. 




Qx 


123,62 


437.9 


0.2837 or 28,37% 


Percentage increase due to regeneration 


0.2837 - 0.199 


0,199 


0.4256, or 42.56% 


Example 13*6 A gas turbine plant operates on the Brayton cycle between 




300 K and r. 


max 


= 300 K and = 1073 K, Find the maximum work done per kg of air, and 
the corresponding cycle effictency. How does this efficiency compare with the 
Carnot cycle efficiency operating between the same two temperatures? 


’r .: 


! ■ I • i_ I >« « 

iT- - CM M 


Gas Power Cycles 





C£tse-2: With cooling 

Since the extraction of compressed air for turbine cooling docs not contribute 
to turbine work or burner fuel flow, it can be treated as an increment x added to 
the compressor mass flow* 



54L06-290(l + jr) 

766 

X 


= 0.278 
= 0J3 


% of compressor delivery air flow 


0.13 

1.13 


X 



11 . 6 % 


Ans. 


Example 13 J In a gas turbine plant the ratio of is fixed. Two 


arrangements of components are to be investigated: (a) single-stage compress ion 
followed by expansion in two turbines of equal pressure ratios with reheat to the 

maximum cycle temperature, and (b) compression in two compressors of equal 

pressure ratios, with intercooling to the mmimum cycle temperature, followed by 
single-stage expansion* If % and i}j are the compressor and turbine efflciencies, 
show that the optimum specific output is obtained at the same overall pressure 
ratio for each arrangement* 

If ?Jc is 0.85 and % is 0,9, and i s 3.5 * determine the above pressure 

ratio for optimum specific output and show that with arrangement (a) the optimum 
output exceeds that of arrangement (b) by about 11 %* 

Solution (a) With reference to Fig. Ex. 13,9(a) 
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Fig, Ex. 13.9(b) 
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(b) With reference to Fig, Ex. 13,9{b) 
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o=Cp(r2-r,)--^ 

r2“r, + =233 + X10'’ 

^ ' 2c„ 2 X 1.005 

P 

= 277.78 K 


= 35 Mf^y =64.76 kPa 

V 233 ) 


Pi- 


- 10 X 64.76 = 647.6 kPa 



( » 


n- 


£l 

r, =277.78<10f^‘-^ 



<P2 . 

) 


= 536.66 K 

rc=»V 

h\ “ At " Ad “ At 

r3-r2 = 7',-r5 

T^ = T^-T^^T2 = 1373 -536.66277J8 
= 1114.12K 



Fig. £x. 13.10 





(T-1V7 




= 1114.12 
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hi = 3775, h 2 = 21S3, ^3 = m=h^, all m kJ/kg 
iQihi = - *3 = 3775 - 13B - 3637 kJ/kg 

- IJ 1(800 - 100) = 777 kJ/kg 
By energy balance of the steam generator, 

X 777 = X 3637 

Wj/Wj = 4.68 

fV^ = hj-k2 = 3775 - 2183 = 1592 y/kg 
tv, X 249 + tv, X 1592 = 190 x 10^ kW 
tv,(4.68 X 249 + 1592) = tv, x 2.757 x lO’ = 190 x 10 ^ 

Wj = 68.9 kg/s and = 322.5 kg/s 
Now, w, (612 + 483) = 43,300 

wJ}v^ = A/F ratio = = 39,5 

^ 1095 

Fuel energy input - x 43,300 = 353525 kW 

39.5 

= 353.5 MW 



= 0,537 or 53.7% 


Ans. 


Ans. 



13.1 What are cyclic and non-cycLic heat engines? Give examples. 

13.2 What ac the four processes which constitute the Stirling cycle? Show that the 

legeneiative Stirling cycle has the same cfTtciency as the Carnot cycle. 

13.3 State the four processes that constitute the Ericsson cycle. Show that the 

regenerative Ericsson cycle has the same efficiency as the Camot cycle. 

13.4 Mention the merits and demertts of the Stirling and Ericsson cycles. 

13.5 What ts an air standard cycle? Why are such cycles conceived? 

13.6 What is a spark ignition engine? What is the air standard cycle of such an engine? 

What are its four processes? 

13.7 Show that die efficiency of the Otto cycle depends only on the compression ratio. 

13.8 How is the compression ratio of an SI engine fixed? 

13.9 What is a compression ignition engine? Why is the compression ratio of such an 

engine more than that of an SI engine? 

13.10 State the four processes of the Diesel cycle. 

13 J I Explain the mixed or dual cycle, 

13.12 For the same compression ratio and heat rejection, which cycle is most effic ieot: 

Otto, Diesel or Dual? Explain with/j-o and T-s diagrams. 

13.13 With the help of p-v and T-$ diagrams, show that for the same maximum 

pressure and temperature of the cycle and the same heat rejection, 

^ 7 dui 1 ^ ^Ono 

13.14 What are the three basic components of a gas turbine plant? What is the air 

standard cycle of such a plant? What are the processes it consists of? 


570 



13.15 Show that the efficiency of the Biayton cycle depends only on the pressiue ratio. 

13.16 What ia the application of the closed cycle gas turbine plant? 

13.17 Discuss the merits and demerits of Brayton and Otto cycles applied to 

reciprocating and rotating plants, 

13.18 Wh^ is the effect of regeneration on Brayton cycle efficiency? Define the 

effectiveness of a regenerator* 


13.19 What is 





efficiency? 



13.20 





cycle* 

13.21 Derive the expression of optimum pressure ratio formaxtmum net work output in 

an ideal Brayton cycle. What is the corresponding cycle efficiency. 

13.22 Explain the effects of: (a) mtercooling, and (h) reheating^ on Brayton cycle* 

13.23 W^t is a f^e shaft turbine? 


13.24 With the help of flow and Ts diagrams explain the air standard cycle for a j et 

propulsion plant. 

13.25 With the help of a neat sketch explain the operation of a turboj el engine* How is 

the thrust developed in this engine? Why does a conunercial airplane fly at high 
altitudes? 


13.26 


a 


3.32 



13.27 Why are regenerators 

burning? Why is it used? 

13.2S Explain the working of a tiirbofan engine with the 



**bypass ratio”* How does it 

13.29 How does a turboprop engine 

13.30 What is a ramjet? How is the 

13.31 What is a rocket? How is it 




sketch. 




from a turbofan CDgine? 



in the advantages and di 



of a gas 



plant for a utility 


system. 

13.33 What arc the advantages of a combined gas turbine-steam turbine power plant? 

13.34 With the help of flow and T-s diagrams explain the operation of a combined 

GT-ST plant. Why is supplementary firing often used? 



13J In a 



pressure is Q.2 MPa, and the 
working fluid is air (an ideal gas). 



between 0.03 and 0.06 m^* the maximum 
varies between 540®C and 270° 






cycle for 



the cycle with an ideal regenerator, and compare w 
same isothermal heat supply process and the same temperature range 


Ans. (n) 27.7%, 53*7 



, (b) 33.2% 


13,2 An Ericsson cycle operating with an ideal tegenefator worics between 1100 K 

and 288 ¥L The pressure at the beginning of isothermal compression is 1.013 bar. 
Determine (a) the compressor and turbine work per kg of air, and (b) the cycle 


efficiency. 


Ans. (a) 


T 



kJ/kg, " 121.8 y/kg (b) 0*738 


T- 


, / 


Ji- 
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13.3 Plot iJae efficiency ofthesir standard Otto cycle as a function of the compression 

ratio for compression ratios from 4 to 16. 

13.4 Find the air standard efficiencies for Otto cycles with a compression ratio of 6 

using ideal gases having specific heat ratios 1.3, 1,4 and 1.67. What are the 
advantages and disadvantages of using helium as the worlcing fluid? 

An engine equipped with a cylinder having a bore of 15 cm and a stroke of 45 cm 
operates on an Otto cycle. If the clearance volume is 2000 compute the air 
standard efficiency. 

A ns. 47.4% 

13.6 In an air standard Otto cycle the compression ratio is 7, and compression begins 

at 35^C, 0,! MPa. The maximum temperature of the cycle is 1100°C. Find (a) the 
temperature and pressure at the cardinal points of the cycle, (b) the heat supplied 
per kg of air, (c) the work dene per kg of air, (d) the cycle efficiency, and (e) the 
m,e.p, of the cycle. 

13.7 An engine working on the Otto cycle has an air standard cycle efficiency of 56% 


and rejects 544 kJ/kg of air. The pressure and temperature of air at the beginning 
of compression are 0,1 MPa and 60"C respectively. Compute (a) the compression 
ratio of the engine, (b) the work done per kg of air, (c) the pressure and 

temperature at the end of compression, and (d) the maximum pressure in the 
cycle. 

13.S For an air standard Diesel cycle with a compression ratio of 15 plot the efficiency 

as a function of ihc cut-off ratio for cut-off ratios from I to 4. Compare with the 
results ofProblem 13,3, 

13.9 Tn an air standard Diesel cycle, the compression ratio is 15. Compression begins 

at 0.1 MPa, 40“C. The heal added is 1.675 MJ/kg, Find fa) the maximum 

temperature of the cycle, (b) the work done per kg of air, (c) the cycle efficiency, 
the temperature at the end of the isentropic expansion, (e) the cut-off ratio, 
(f) the maximum pressure of the cycle, and (g) the m.e.p. of the cycle. 

13,10 Two engines are to operate on Otto and Diesel cycles ^ith the following data: 

Maximum temperature 1400 K, exhaust temperature 700 K, State of air at the 

beginning of compression O.l MPa, 300 K. 

Estimate the compression ratios, the maximum pressures, efficiencies, and rate 
of work outputs (for 1 kg/min of aiT)ofthe respective cycles. 



rfnj. Otto— r^. = 5.656, p 


niBTt 


Diesel—= 7.456,/? 




= 2.64 MPa, W = 2872 kJ/kg, q = 50% 
1.665 MPa, fF = 446.45 kJ/kg, r] = 60.S% 


13.11 An air standard limited pressure cycle has a compression ratio of 15 and 

compression begins at 0.1 MPa, 40*^C. The maximum pressure is Limited to 

6 MPa and the heat added is 1,675 MJAtg, Compute (a) the heat supplied '' 

constant volume per kg of air, f b) the heat supplied at constant pressure per kg of 
air, (c) the work done per kg of air, (d) the cycle efficiency, (e) the temperature at 
the end of the constant volume heating process, (f) the cut-off ratio, and (g) the 

m.e*p* ofthe cycle. 

Ans. (a) 235 y/kg, (b) 1440 y^tg, (c) 1014 y/kg, (d) 60.5%, 

(e) 1252 K,(0 2,144 (g) 1,21 MPa 

13.12 Lit an ideal cycle for an intemal combustion engine tlie pressure and temperature 

at the beginning of adiabatic compression are respectively 0.11 MPa and 115^C, 
the compression ratio being 16. At the end of compression heat is added to the 
working fluid, first, at constant volume, and then at constant pressure reversibly. 


T- i'tl; 


■ ■Jf- 
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The working fluid is then expanded adiabatically and reversibly to the original 
volume. 

If the working fluid is air and the maximum pressure and temperature are 
respectively 6 MPa and 2000^0* determiact per kg of air (a) the pressure* 
temperature* volume* and entropy of the air at the five cardinal points of the eye le 


(take ^3 as the entropy of air at 


, and (b) the work 


13.13 Show that the air standard efficiency for a cycle comprising two constant pressure 

processes and two isothermal processes (all reversible) is given by 


t? 




r,[l + ln(rJ<Tf-i)a_7,i 


where T, and Tj are the maximum and minimum temperatures of the cycle* and 
is the pressure ratio. 

13.14 Obtain an expression for the spec ifie work done by an engine working on the 

Otto cycle in terms of die maximum and minimum temperatures of the cycle* the 
compression ratio * and constants of the working fluid (assumed to be an ideal 
gas). 

Hence show that the compression ratio for maximiun specific work output is 


given by 


T. 




T. 




■ 

13.15 A dual combustion cycle operates with a volumetric compression ratio = 12* 


and with a cut-off ratio 1.615. The maximum pressure is given by p 




54p,, 


where is the pressure before compression. Assuming indices of compression 
and expansion of L35* show that the m.c.p. of the cycle 

Hence evaluate (e) tempeimtwes at cardinal points with r, = 335 K* and {b) cycle 
efficiency. 

Ans. (a) = 805 K, = 29.2 p^* Ty = 1490 K, = 2410 K* 

rj= 1200 K,(b) ^ = 0.67 

13.16 Recalculate (a) the temperatures at the cardinal points* the nte.p.* and (c) the 

cycle efficiency when the cycle of Problem 13.15 is a Diesel cycle with the same 


compression ratio and a cut-off ratio 


es to give an expansion curve 


coincident with the lower pan of that of the dual cycle of Problem 13.15. 

Arts, (a) Fj = 805 K* Fj ^ 1970 K* F 4 = 1142 K (h) 6.82 P 3 , (c) J? = 0,513 


13.17 In an air standard Brayton cycle 


compression ratio is 7 and the maximum 


temperature of the cycle is SOCI^C. 'Hie compression begins at O.l MPa, 35"C. 
Compare the maximum specific volume and the maximutn pressure with the Otto 
cycle of Problem 13.6. Find (a) the heat supplied per kg of air* (b) the net work 
done per kg of air* (c) the cycle efficiency* and (d) the temperature at the end of 
the expansion process. 

13 J 8 A gas turbine plant operates on the B ray ton cycle between the temperatures 27“C 

and 800°C. (a) Find the pressure ratio at which the cycle efficiency approaches 
the Carnot cycle efficiency, (h) find the pressure ratio at which the work done 
per kg of air is maximum* and (c) compare the efficiency at this pressure ratio 
with the Carnot efficiency for the given temperatures. 


r- -iitl;- ; 


niiul- 
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all processes are ideal. Determine (a) pressure (b) the net work per kg and 

mass flow rale, (c) temperature and cycle thexmai efficiency, and (d) the T-s 

diagram for the cycle. 

1331 Repeat Problem 13.30 assuming that the compressor has an efficiency of 80%, 

both the turbines have efficiencies of 85%, and the regenerator has an efficiency 

of 72%. 

13.32 An ideal air cycle consists of isentropic compression, constant volume heat 

transfer, isothermal expansion to the oKginal pressure, and constant pressure heat 
transfer to the originai temperature. Deduce an expression for the cycle efficiency 
in terms of volumetric compression ratio r-t, and isothermal expansion ratio, r^. In 
such a cycle, the pressure and temperature at the start of compression are I bar 
and 40°C, the compression ratio h S, and the maximum pressure is 100 bar. 


Determine the cycle efficiency and the m.e.p. 


Arts. 51.5%, 3.45 


Regenerator 
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Pi = 1 air 
= 25X 


^ = 4.0 

fig, P 1330 


= 920X 

Pj- 1 atm 


13.33 For a gas turbine jet propulsion unit, shown in Fig. 13.24, the pressure 


temperature entering the compressor are 1 


and 15X respectively. The 


pressure ratio across the compressor is 6 to 1 and the temperature at the turbine 


inlet is lOOO^C. On leaving the turbine the air enters the nozzle 


expands to 


1 atm. Determine the pressure at the noxzlc inlet and the vcloc ity o f the ai r leaving 

(he nozzle. 

13.34 Repeat Problem 1333, assuming that the efficiency of the compressor and 

turbine are both 85%, and that the nozzle efficiency is 05%. 

1335 Develop expressions for work output per kg and the efficiency of an ideal Brayton 

cycle with regeneration, assuming maximum possible regeneiationn For fixed 
maximum and minimum temperatures, how do the efficiency and work outputs 
vary with the pressure ratio? What is the optimum pressure ratio? 

1336 For an air standard Otto cycle with fixed intake and maximum temperatures, 

and r^, find the compression ratio that renders the net work per cycle a maximum. 

Derive the expression for cycle efficiency at this compression ratio. 

If the air intake temperature, 7*1, is 300 K and the maximum cycle lempcrarurc, 
is 1200 K, compute the compression ratio for maximum network, maximum 
work output per kg in a cycle, and the corresponding cycle efficiency. 


’r . ' 


; tl- 


_L 
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13.47 A rcg^rative gas tuil^inc with mtercoo ling and reheat operates at steady state. 

All enters die compressor at 100 kPa, 300 K with a mass flow rate of 5.B07 kg/s. 
The pressure ratio across the two-stage compressor as well as the turbine is 10. 
The intefcooler and reheater each operate at 300 kPa. At the inlets to the turbine 
stages, the temperature is 1400 K. The temperature at inlet to the second 
compressor stage is 300 K. The efficiency of each compressor and turbine stage 

is 80%. The regcneralor effectiveness is 80%. Determine (a) the thermal 

efficiency, (b) the back work ratio, ffy, (c) the net power developed. 

Arts, (a) 0.443, (b) 0.454, (c) 2046 kW 

13.48 In a regenerative gas turbine power plant air enters the compressor at 1 har, 27^C 

and is compressed to 4 bar. The isentropic efficiency of the compressor is 80% 

and the regenerator effectiveness is 90%. All of the power developed by the h.p. 

turbine is used to drive the compressor and the l.p. tmbtne provides the net power 
output of 97 kW. Each turbine has an isentropic efficiency of 87% and the 
temperature at inlet to the h.p. turbine is 1200 K. I>etermine (a) the mass flow 
rate of air into the compressor, (b) the thermal efficiency, (c) the lemperature of 

the air at the exit of the regenerator 

Aits, (a) 0.562 kg/s, (b) 0.432, (c) 523,2 K 




14*1 Refrigeration by Non-CycUc Processes 

Refrigeration is the cooling of a system below the temperature of its surroundings* 
The melting of ice or snow was one of the earliest methods of refrigeration and 
is still employed* Ice melts at 0°C. So when ice is placed in a given space warmer 

than 0®C, heat flows into the ice and the space is cooled or refrigerated. The latent 
heat of fusion of ice is supplied from the surroundings, and the ice changes its 

state from solid to Liquid. 

Another medium of refrigeration is solid carbon dioxide or dry ice* At 
atmospheric pressure CO^ cannot exist in a liquid stale, and consequently, when 
solid COi is exposed to atmosphere, it sublimates, i.e., it goes directly from solid 
to vapoun by absorbing the latent heat of sublimation (620 kJ/kg at I atm, 
“ 78.5X) from the surroundings (Fig* 14.1). Thus dry ice is suitable for low^ 
temperature refrigeration. 



Fig* 14*1 7'-j diagram of COj 
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In these two examples it is observed that the refrigeration effect has heen 
accomplished by non-cyclic processes* Of greater importance, however, are the 
methods in which the cooling substance is not consumed and discarded, but used 
again and again in a thermodynamic cycle* 

14.2 Reversed Heat Engine Cycle 


A reversed heal engine cycle, as ex¬ 
plained in Sec. 6.12, is visualized as an 
engine operating in the reverse way, 
i*e*, receiving heat from a low tempera¬ 
ture region, discharging heat to a high 
temperature region, and receiving a net 
inflow of work (Fig, 14,2). Under such 
conditions the cycle is call^ a heat 
pump cycle or a refrigeration cycle 
(see Sec* 6.6). Fora heat ptunp 


Oi = Oj + IV 





and for a refrigerator 




The working fluid in a refrigeration cycle is 



a refrigerant. In the 


reversed Carnot cycle (Fig. 14.3), the refrigerant is first compressed reversibly 
and adiabatically in process 1 -2 where the woric input per kg of refrigerant is 
then it is condensed reversibly in process 2-3 where the heat rejection is 2^, the 
refrigerant then expands reversibly and adiabatically in process 3-4 where the 
work output is and finally it absorbs heat 02 reversibly by evaporation from 
the surroundings in process 4-1. 
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Bask and A^Uid Thermt^mmks 
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(14.1) 


2 


As shown in Sec. 6,16, these are the maximum values for any refngerator or 
heat pump operating between and Ty It is important to note that for the same 
7'2 or Ti, the COP increases with the decrease in the temperature difference 
f ” ^ 2 )» closer the temperatures and 72 , the higher the COP. 


14.3 Vapour Compression ReMgeratlon Cycle 

In an actual vapour refrigeration cycle, an expansion engine, as shown in 

Fig, 14.3, is not used, since power recovery is small and does not justify the cost 

of the engine, A throttling valve or a capillary tube is used for expansion in 
reducing the pressure hx:>m to p 2 . The basic operations involved in a vapour 
compression refrigeration plant are illustrated in the How diagram, Fig. 14,4, and 
the property diagrams. Fig. 14.5. 
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Fig, 14.4 Vapaar £ 0 mprtssi<in rtfngeratim plani'Jlaw diagram 


The operations represented are as follows for an idealized plant; 

L Compresston A reversible adiabatic process 1 -2 or r-2' either starting with 

saturated vapour (state 1), c al led dry compression^ or starting with wet vapour 

(state I'), called wet compression . lL>ry compression (1 -2) is always preferred to 
wet compression (r- 2 ''), because with wet compression there is a danger of the 
liquid refrigerant being trapped in the head of the cylinder by the rising piston 
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Hg« 143 Vapour compTesston rfjngeratwn cycle -pToptrty di^ams 


which may damage the valves or the cylmder head, and the droplets of liquid 

rehigerant may wash away the lubricating oil from the walls of the cylmder, thus 

accelerating wear. 

2, Cooling and Condensing A reversible constant pressure process, 2 - 3 , 
first desuperheated and then condensed, ending with saturated liquid. Heat Qi is 
transferred out- 


3 i Expansion An adi abat ic throttl ing process 3 ^4, for wh ich enthal py remai ns 
unchanged- States 3 and 4 are equilibrium points. Process 3-4 is adiabatic (then 
only = /14 by S.F.E,E.), but not isentropic. 


Tds = dh- v6pt or J 4 -s^ 



Hence it is irreversible and cannot be shown in property diagrams. States 3 and 4 
have simply been joined by a dotted line- 


4- Evaporation A constant pressure reversible process, 4-1, which completes 
the cycle. The refrigerant is throttled by the expansion valve to a pressure, the 
saturation temperature at this pressure being below the temperature of the 

surroundings. Heat then flows, by virtue of temperature difference, from the 
surroundings, which gets cooled or refrigerated, to the refrigerant, which then 

evaporates, absorbing the heat of evaporation. The evaporator thus produces the 
cooling or the refrigerating effect, absorbing heat Qj from the surroundings by 

evaporation. 

In refrigeration practice, enthalpy is the most sought-after property. The 
diagram in p-h coordinates is found to be the most convenient. The constant 
property lines in the p-h diagram are shown in Fig. 14.6^ and the vapour 
compression cycle in Fig. 14.7. 


14.3.1 Peiforman€€ and Capacity cf a Vapo ur 

Compressi&n Plant 

Figure 14.8 shows the simplified diagram of a vapour compression refrigeration 
plant. 
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When steady state has been reached, for 1 
cycle, the steady flow energy equations {neglectin 


be written for each of the components in the 
Compressor 





as given 


hi + iV,- h2 

W, = (h 


2 


Ai)kJ/kg 



htli- h 




= w(h 2 - ^i) kJ/s 



In order to ascertain that there is no droplet of liquid tefngemni being carried 
over into the compressor, some superheating of vapour is recommended after the 


evaporator. 

A small degree of subcooling of the liquid refrigerant after the condenser is 
also used to reduce the mass of vapour formed during expansion, so that too many 



Both the superheating of vapour at die evaporator outlet and the subcooling of 
liquid at the condenser outlet contribute to an increase in the refrigerating effect, 
as shown in Fig. 14.9. The compressor discharge temperature, however, 
increases, due to superheat, from to the load on the condenser also 

increases. 


Degree of subcooling 



Sometimes, a liquid-line heat exchanger is 



in the plant, as shown in 


Fig. 14.10. The liquid is subcooled in the heat exchanger 
condenser and improving the COP. For 1 kg 
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used in small self-contained units. Water-cooled condensers are used in larger 
installations. 


Expansion device it reduces the pres sure of the refrigerant, and also regulates 
the flow of the refrigerant to the evaporator. Two widely used types of expansion 
devices are: capillary tubes and throttle valves {thermostatic expansion valves). 
Capillary tubes are used only for small units. Once the size and length are fixed. 
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4 

the evaporator pressure, etc., gets fixed. No modification in operating conditions 
is possible. Throttle valves are used in larger units. These regulate the flow of the 

refrigerant according to the load on the evaporator. 

Compr essor Compressors may be of three types: (a) rec iprocating, (b) rotary, 
and (c) cenhifugaL When the volume flow rate of the refngerani is large, 
centrifugal compressors arc used. Rotary compressors are used for small units. 

Reciprocating compressors are used m plants up to 100 tonnes capacity. For 

plants of higher capacities, centrifugal compressors are employed. 



(a) (b) 

Fig, 14. to VapQur mmptmim c^di tuith a tuctimdim heat ixcMnget 


In reciprocating compressors, which may be smgle^^linder or multi-cylinder 


ones, because of clearance. 



past the piston and valves, and throitling 


effects at the suction and discharge valves, the actual volume of gas drawn into 
the cylinder is less than the volume displaced by the piston. This is accounted for 
in the term volumetric efficiency^ which is defined as 


»?vol 


Actual volume of gas drawn at evaporator pressure and temperature 


Piston displacement 


Volume of gas bandied by the compressor 


= wUj(m^/s) = ^ 

where w is the refrigerant flow rate, 




4 


60 


n] X T?vol 


Uj is the specifre volume of the refrigerant at the compressor inlet, 
D and L are the diameter and stroke of the compressor, 
n is the number of cylinders in the compressor, and 
N is the r.pm 

The clearance volumelric efficiency is given by Eq. (10,72) 


7?^, = 1 + C-C 


Pi 


ifti 


where C is the clearance. 


Evaporator A common type of evaporator is a coil brazed on to a plate* cal led 
a plate ev aporator. In a ‘ f! ooded evaporator’ the coil is filled only with a liquid 















refngerant. In an indirect expansion coil, water (np to O^C) or brine 

- 2! “C) may be chilled in die evaporator, and 
the chilled water or brine may then be used to cool some other medium. 

14*3.4 Multistage Vapour Cofft^re^xnon Systems 


For a given 



temperature, the 



higher becomes the compressor pi^ssure ratio. For a reciprocating compressor, a 
high pressure latio across a single stage means low volumetric efficiency. Also, 
with dry compression the high pressure ratio results in high compressor discharge 
temperature which may damage the refrigerant. To reduce the work of 
compression and improve the COP, multistage compression with intmooling may 
be adopted. Since the intercooler temperature may be below the temperature of 
available cooling water used for the condenser, the refrigerant itself may be used 
as the intercooling medium. Figure 14.1 i 



with a direct contact heat exchanger. 

As shown in Sec. ]{),4, for minimum work, the intercooler pressure h the 
geometric mean of the evaporator and condenser pressures,pi and ^ 
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By making an energy balance of the direct contact 
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where F* is the capacity, in tonnes of re^getalion. 
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Figure 14.12 shows a two-stage vapour compression system with a flash 
chamber intercooler, where the vapour from the flash chamber {state 9) mixes 


with the vapour from the 1 

enters the HP compressor 


(state 2) to form vapour at state 



14.3,5 

The most widely used refrigerants now-a-days are a group of halogenated 
hydrocarbons, or chlorofluorocarbons (CFCs) marketed under the various 

proprietary names of freon, genetron, aicton, isotron, frigen, and, so on. These are 

either methane-based or ethane*based, where the hydrogen atoms are replaced by 
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Fig. 14.12 Two-stage vapour compression system with a Jlash inieTcooIer 

b 

third digit Indicates the number of fluorine atoms, all other atoms in the 

hydrocarbon being chlorine. For example, R-110 is C 2 C 1 ^, R-H3 is C 2 CI 3 F 3 , 
R-142 is C 2 H 3 CIF 2 , and so on. The use of these refrigerants is now discouraged, 
since these, being largely insoluble in water, move up, react with ozone in the 
ozone layer {which protects the earth from pernicious ultraviolet rays, and deplete 
it. 

It was realized in mid-seventies that the CFCs not only allow more ultraviolet 
radiation into the earth's atmosphere, but also prevent the infrared radiation from 
escaping the earth to outer space, which contributes to the greenhouse effect and 
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hence, global warming. As a result, the use of some CFCs is banned (by Montreal 
Protocol, 1987) and phased out in many countries* Fully halogenated CFCs (such 
as R-11, R-12 and R-115) do the most damage to the ozone layer. The partially 
halogenated refrigerants such as R-22 have about 5% of the ozone depleting 


potential (ODP) of R-12* CFCs, friendly to the ozone layer that protects the earth 
from ultraviolet rays and which do not contribute to the gr^i^ouse effect are 

being developed. The chlorine free R-134a, a recent finding, is presently 
replacing R-12, the most widely used refrigerant* particularly in domestic 
refrigerators and freezers and automotive air conditioners* 

Two important parameters that need to be considered in the selection of a 
refrigerant are the temperatures of the two media (the refrigerated space and the 
environment), with which the refrigerant exchanges heat. To have reasonable heat 
transfer rate, a temperature difference of 5 to 10“C should be maintained between 
the refrigerant and the medium* If a space is to be maintained at -10®C, c,g* the 
refrigerant should evaporate at about - 20*’C (Fig. 14.13), the saturation pressure 


system. Again, the temperature of the refrigerant in the condenser should be above 
the cooling medium by about lO^C, as shown in the figure, the saturation pressure 
at which must be below the critical pressure of the refrigerant. If a single 
refrigerant cannot meet the temperature requirements (—20''C to range), two 

cycles with two difTerent refrigerants can be used in series (Fig* 14*14). Such a 
coupled cycle makes a cascade refrigera tion system. 

Other desirable characteristics of a refrigerant are that it should be nontoxic, 
noncorrosivc, nonflammable, and chemically stable* should have a large enthalpy 
of vaporization to minimize the mass Oow, and should be available at low cost* 
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Ammonia is widely used in food refrigeration facilities such as the cooling of 
fresh fruits, vegetables, meat and fish, refrigeration of beverages and dairy 
products such as beer, wine, milk and cheese, freezing'of ice cream and ice 

production, low temperature refrigeration in the phannaceutical and other process 

industries. The advantages of ammonia are its low cost, higher COPs and thus 
lower energy costs, greater detectability in the event of a leak, no effect on the 
ozone layer, and more favourable thermodynamic and transport properti es and 
thus higher heat transfer coefficients requiring smaller and lower cost heat 
exchangers. The major drawback of ammonia is its toxicity which makes it 
unsuitable for domestic use. 


Other fluids used as refrigerants are sulphur dioxide, methyl chloride, ethyl 
chloride, hydrocarbons like propane, butane, ethane, ethylene, etc, carbon 
dioxide, air and water. 


14*4 Absorption Refrigeration Cycle 

The absorption refrigeration system is a heat operated unit which uses a 
refrigerant that is alternately absorbed and liberated from the absorbent. In the 

basic absorption system, the compressor in the vapour compression cycle is 

replaced by an absorber-generator assembly involving less mechanical work. 
Figure 14.15 gives the basic absorption refrigeration cycle, in which ammon/n is 
the refrigerant and water is the absorbent. This is known as the aqua-ammonia 
absorption system. 

Ammonia vapour is vigorously absorbed in water. So when low-pressure 
ammonia vapour from the evaporator comes in contact in the absorber with the 
weak solution (the concentration of ammonia in water is low) coming from the 
generator, it is readily absorbed, rel eas ing the latent beat of condensation. The 
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The final reduction in the percentage of water vapour in the ammonia going to 
the condenser occurs in the rectifier which is a water-cooled heat exchanger 
which condenses water vapour and returns it to the generator through the drip 

line, as shown in Fig. 14.16. The use of a suction-line heat exchanger Is to reduce 

and increase thus achieving a double benefit. In the absorber the weak 
solution is sprayed to expose a larger surface area so as to accelerate the rate of 
absorption of ammonia vapour. 

There is another absorption refrigeration system, namely, lithium bromide- 
water vapour absorption (Fig. 14.17). Here the refrigerant is water and the 
absorbent is the solution of lithium bromide salt in water. Since water cannot be 
cooled below OX, it can be used as a refrigerant in air conditioning units. Lithium 
bromide solution has a strong affinity for water vapour because of its very low 
vapour pressure. It absorbs water vapour as fast as it is released in the evaporator. 
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Fig, 14,17 Lithium htQmidt-waier absorption refiigtration piont 


While the vapour compression refrigeration system requires the expenditure of 

‘high-grade* energy in the form of shaft work to drive the compressor with the 
concommitant disadvantage of vibration and noise, the absorption refrigeration 
system requires only ‘low-grade* energy in the form of heat to drive it, and it is 
relatively silent in operation and subject to little wear. Although the COP = 
Q^IQq is low, the absorption units are usually built when waste heat is aval lab h 
and they are built in relatively bigger sizes. One current application of 
absorption system that may grow in importance is the utilization of solar e 
for the generator heat source of a refrigerator for food preservation and ^ 
for comfort cooling. 
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compression system are here called the cooler and refrigerator respectively. The 
COP of the refrigeration cycle, assuming the gas to be Ldeal^ is given by 







For isentropic compression and expansion 
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compression. 


\ Pi / 

the pressure after compression and P 2 is the press* 
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and the energy balance gives 






No yield is thus possible unless hf is greater than ^ 2 ^ energy balance for 
the compressor gives 


otA] + W^= mhj + 0a 

where is the heat loss to the surroundings from the compressor 




“ ^ ^2) “ (^i “ ^2) 


This is tile minimum work requirement. 





14.7,2 

In the Claude system, energy is removed from the gas stream by allowing it to do 
some work in an expander. The flow and T-s diagrams are given in Fig. 14.25. 

The gas is first compressed to pressures of about 40 atm and then passed 
through the first heat exchanger Approximately 80% of the gas is then diverted 
from the main stream, expanded through an expander, and reunited with the return 
stream below the second heat exchanger The stream to be liquefied continues 
through the second and third heat exchangers, and is finally expanded through an 
expansion valve to the liquid receiver. The cold vapour from the liquid receiver is 
returned through the heat exchangers to cool the incoming gas. 

The yield and the specific woidc consumption may be computed by making the 
mass and energy balance as in the Linde-Hampson system. 


14.8 Productioii of Solid Ice 


Dry ice is used for low temperature refrigeration, such as to preserve ice-cream 
and other perishables. The property diagram of CO 2 on the p-h coordinates is 
given in Fig. 14.26. The schematic diagram of producing solid CO^ and the 
corresponding/)*A diagram are shown in Figs 14.27 and 14.28 respectively. 
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Fig. 14.26 p-h diagram of CO^ 



Fig. 14.27 Prodaciion of dry ice-fitew diagra m 



Fig. 14JE8 Repngeration cycle of a dry ice plant on p-h plot 


Solved Examples 


Example 14,1 A cold storage is to be maintained at -5*C while the 
surroundings are at 35 The heat leakage from the surroundings into the cold 
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storage is estimated to be 29 kW. The actual COP of the refrigeration plant used 
is one-third that of an ideal plant working between the same temperatures. Find 

the power required (in kW) to drive the 
plant. 


Solution 


COP (Ideal) 


T. 






i 




2 


268 




6.7 


Actual COP = 1/3 X 6,7 


2.23 


a 

W 


\ Power required to drive the plant 


(Fig. Ex. 14.1) 


W 


Qi 


223 


13 kW 



Ot i Oi= Qg + W 




29 kW 


Q, = 29 kW 


Fig* £x»14>i 


29 


2.23 


Ans. 


Example 14,2 A refrigerator uses 
R-134a as the working fluid and 

operates on an 
compression cycle 





0.14 MPa 
and 0.8 MPa. If the mass flow rate of 


the refrigerant is 0. 



kg/s, 




the 



(a) the rate of heat removal 
refrigerated space, (b) the 
to the compressor, (c) tlie heat rejection 
rate in the condenser, and (d) the COP. 

Solution From the R—I34a tables, 
the enthalpies at 
(Fig. Ex. 14.2) are: 




states 


h 


1 


s 


1 


p 



236.04 kJ/kg 
0.9322 kJ/kgK = j2 


/I 


Fig. Ex.14,2 


For 


P 2 = 0.8 MPa, ^2 - 0.9322 kJ/kglC, 


h 


2 


272.05 kJ/kg, A 


3 


h 


I 

4 


93.42 kJ/kg 


Q 2 = 0,06 (236, 



93.42) = 8.56 kW 


W 


0.06 (272.05 236, 



2.16kW 


Ans. (a) 

^nj.(b) 
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Heat rejected to the condenser = - h^) 


h 


4 




Flash ga s 



0.18 (209.41 - 74.59) 


24.27 kW 

(e) 

hf = 26.87 + X4 x 156.31 = 

= 74.59 

47.72 =0.305 


156.31 


30.5% 

^«;s. (f) 


COP 


h 


I 


h 


I 

4 




h 


2 


^1 


18X19-74,59 

209.41-18119 


1 Q8.60 
26,22 


4.14 


Am. (g) 



to drive the compressor 


w(h 


2 


Aj)-0,18x26.22 = 4.72 kW 


Am. (h) 


COP (Reversible) 


r. 


263 


71-7; 


5.26 


COP(Vap. Con^. cycle) 
COP(Caniot cycle) 


i 

4,14 

I ■ 

5.26 


2 



0.787 



£xa) 




A Re frjgerant-12 vapour compression plant producing 10 


tonnes of refrigeration operates with condensing and evaporating temperatures of 


35°C and - lO'^C respectively. A 

liquid leaving the 





is used to 



vapour 




superheated in the suction line heat exchanger to the extent that 


60 


Determine (a) 



the speed is 900 rpm, stroke-to-bore ratio is 1.1 ^ and the volumetric efficiency 
80%, 



inkW. 

Solution From the p-h chan of R-12, 
in Fig. Ex, 14.4, 



states, as shown 


h 
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3 

6 



, h 
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1034 


998, Ai = 1008 kJ/kg 
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0.084 m^/kg 


h^-h 
882-A 
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4 
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1008 - 998 = 10 


872 
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So I ox subcDoling is 



= 25X 

in the 
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6 



5 



872 = 126 kJ/k 
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/Evaporator 


{a) 
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W, 
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\ 




1 

I 

r 


Compressor 


I. 



(b) 

Fig. Ex.14.4 


Refrigerant flow rate 


10 X14000 

126 
031 kg/s 


niOkg^ 


Arts, (b) 


Volume flow rate = w ■ - 1110 x 0.084 ^ 93 rn^/h 


Compressor displacement 


93 


3 


3 


0.8 


116 m /h = 1,94 m /min 


This is equal to LNn 
where D = diameter 

L = s^ke 
N= rpm 

n = number of cylinders of the compressor, 

X I.ID X 900 X 2 = 1.94mVinin 
4 

D’ = I250cm’ 





m2(/t2 -A,)m,(/i4 -hi) 

0.0954 X 169 + 0.124 X 184.6 » 16.19 + 22 


COP 


Single stage 


x3. 


39.08 


2 . 




14CM, 


.1 


/i3^ 371.7 


m 


30 X 3.89 


1404.6 - 37L7 


116.7 




0.113 kg/s 

m(h2 - hi ; 

45.26 kW 


0.113x400.5 


COP 


116.7 

45.26 


2.578 


Increase in work of compression (for single stage) 


_ 45.26-39.08 


39.08 

Increase in COP for 2-stage compression 

^ 2.986 - 2.578 

2.578 


X 100 = 15.81% 


X 100 = 15.82% 


Example 14*6 In an aqua-ammonia absorption refrigerator system, heat is 
supplied to the generator by condensing steam at 0.2 MPa, 90% quality. The 


temperature to be maintained in the refngerator is 


lO^C, and the ambient 


temperature is 30'^C. Estimate the maximum COP of the refrigerator. 

If the actual COP is 40% of the maximum COP and the refngeration load is 20 
tonnes, what will the required steam flow rate be? 

SoJution At 0.2 MPa, from the steam table (Fig. Ex. 14.6) 


sat 


120.2'^C,/r^-2201.9 kJ/kg 


The maximum COP of the absorption refrigeration system is given by 


Eq. (14.4) 


(COP) 


mix 




(T, 






r, 


120.2+ 273 = 393.2 K 


r. 



pressure before re-entering the compressor which is driven by the turbine. 
Assuming air to be an ideal gas, deterniine the COP of the reiVigerator, the drivmg 
power required, and die air mass flow rate. 

Solution Given: {Fig. Ex, 14,7) 



T, 


Tu 






277 K, r, = 273 + 55 - 


f ^ \a- m 
Pi 

^ Pi > 



328 K 



= 102 K 



= 14i,8K 


Z 



r „ \(Tf - m 

Pi 


t w 


T, 

T 


4s 


z 


3 


Z 


43 


Pi ) 


328(3) 
88 K 


0.4/1.4 


328 


L 



240 K 




4 


T. 


4 


0,78 X 88 = 68.6 K 

259,4 K 


Refrigerating effect = Cp{7\ - r 4 ) = 17,6Cp kJ/kg 


Net work input = Cp((r 2 - T'l) ” (7^ - 


Cp(141.8 - 68 . 6 ] - 73,2cp kJ/kg 


COP 


17,6 c 


p 




73.2 c 


0,24 


A ns. 


Driving power required 


p 



3 X14000 
0.24 X 3600 


48.6 kW 





Fig. Ex. 14*7 
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14.28 How can a 



pymp be 



for (a) space hciting (b) year-round air 


condiiioning'i 


> 




ofa gas 



low? 



-Hampson 



air? 


14.29 Howisa 

1430 Why is 

1431 Why is gas 
14.32 

1433 Derive the ejtpressions 

Linde-Hampson system. 

14.34 How does Claude cycle differ fn>m a Lmde*l&mpson cycle in the context of the 

liquefaction of air. 

14.35 With the help of flow and p^k diagrams, explain how dry tee is produced. 



minimuni work 



m a 


Problems 


IV 



,1 A refrigerator using 
between 0.12 and 0.7 




compressor^ (c) the rate of h^t rejection to the 


Ans. (a) 735 kW, {b) 1.85 kW, (c) 9.20 kW, (d)3:97 


143 A Re&igeraiit* 12 vapour compretsion cycle has a 



The evaporator and condenser temperatures are - 20®C and 4 0®C respectivcly. 
Find (a) the refrigerant flow mte in kg/s, (bj the volume flow rate handled by the 

compressor in mVs, (c) the work input to the 

rejected in the cond^ser in kW, and (e) the i 

If there is 5 C 




it enters the compfessor, 

and 5 C deg. subcooiing of liquid before it flows through the expansion valve, 
determine the above quantities. 

14.3 A 5 tonne R-12 ptaht matntains a cold store 

is 0.133 kg/s. The vapour Leaves the evaporator with 5 C 
water is available in plenty at 25^^. A suction 1 Ine 

refrigerant before throttling. Fi 
the COP, (c) the amouin of subcooling in 

of the compressor, if the speed is 900 rpm, stroke*tobore ratio is 1.2, 




volumetric efficiency is 95%. 

Allow approximately 5®C 
condenser. 




in the 




14.4 A vapour 



C, (b) 4.1 (c) 125^C, (d) 1043 mm, 125 mm 

system uses R-12 and operates between 


pressure limits of0.745 and 0,15 MPa. TTie vapour entering the compressor has a 

leaving the condenser is at 28®C. A 



3 


temperature of - lO^C and the 
refrigerating load of 2 kW is required. Determine the COP and the swept volume 
of tlie compressor if it has a volumetric efficiency of 76% and runs at 600 rpm. 

Ans. 4.15, 243 cm 

14.5 A food-freezing system requires 20 tonnes of refrigeration at an evaporator 

temperature of - 35^C and a condenser temperature of 2 5 “C. The refrigerant, 
R-12, is subcooled 4®C before entering the expansion valve, and the vapour is 
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14.14 A heat pump is to use an R-12 cycle to operate between outdoor air at 


C stid 


air in a domestic heating system at 40X. The tempemtyre diffeience in the 
evaporator and the condenser is 8*C. The compressor efficiency is 80%, and the 

compression begins with saturated vapoun The eTEpansion begins with saturated 
liquid. The combined efficiency of the motor and belt drive is 75%. If the required 
heat supply to the warm air is 43.6 kW, what will be the electrical load in kW? 

14,15 An ideal (Camot) refrigeration ^stctti operates hetween the temperature limits 


of- 3D^C and 25^C, Find tlie ideal COP and 


i hetween the temperature limits 
power required from an external 


source to absorb 3. 


at 


If the system ope rate s as a heat pump, detenninc the COP and the power required 
to discharge 3.89 kW at high temperature. 

14.16 An ammonia-absorption system has an evaporator temperature of “ 12X and a 

condenser temperature of 5(3®C. The generator temperature is 150®C. In this 

cycle, 0,42 kJ is timsferred to the ammonia in the evaporator for each kJ 

transfeTTed to the ammonia solution in the generator from the hi^ temperature 
source. 

It is desired to compare the performance of this cycle with the perforomnee of a 


similar vapour compression cycle. For this, it is assumed 

available at 15CPC, and that heat is 


a reservou' is 



., ■ ■ ■ ’ torred from this reservoir to a reversible 

engine which rejects heat to the surroundings at 25This work is then used to 


drive an ideal vapour compression system with 



onia as the refrigerant. 


Compare the amount of refrigerati on that can be achieved per Id irom the high 
temperature source tn this case with the 0.42 Id that can be achieved in the 

absorption system, 

14,17 An R-12 plant is to cool milk from 30®C to 1 *C involvi n g a refrigeration capacity 

of 10 tonnes. Cooling water for the condenser is available at 25*C and a 5 C deg. 
rise in its temperature is allowable. Determine the suitable condensing and 
evaporating temperatures, providing a minimum of 5 C deg. differentia], and 
calculate the theoretical power required in kW and the cooling water requiiemenl 
in kg/s. Also* find the percentage of flash gas at the end of the throttling. Assume 
a 2 C deg. subcooling in the liquid refrigerant leaving the condenser. 

14, IS The following data pertain to an air cycle refrigeration system for an aircrafi: 

Capacity 5 tonnes 

Cabin air inlet temperature 15^C and outlet tempemture 25°C 
Pressure ratio across the compressor 5 


The aircraft is flying at 0,27S 


where the ambient conditions are O’^C and 


80 kPa. Find the COP and the cooling effectiveness of the heat exchanger. The 

cabin is at 0.1 MFa, and the cooling turbine powers the circulating fans. 

14,19 A water cooler supplies chilled wUcr at 7"C when water is supplied to it at 2TC 


watts. 


at a rate of 0,7 1 itres/min., while the power consumed amounts to 200 watts. 

Compare the COP of this refrigeration plant with that of the ideal refrigeration 

cycle for a similar situation. 

14.20 A refrigerating plant of 8 tonnes capacity has an evaporation temperature of 

- 8/^C and condenser temperature of 30*C. The refrigerant, RA2^ is suhcooled 
5°C before entering the expansion valve and the vapour is superheated 6°C before 
leaving the evaporator coil The compression of the refrigerant is iseniropic. If 


there is a suction pressure drop of 20 kPa 


the valves, and discharge 


pressure drop of 10 kPa through 


valves, determine the COP of the plant, 


litl;-: 


I 






The properties of the mixtures of ideal gases were presented in Chapter 10. The 
name ‘psychrometrics’ is given to the study of the properties of airwater vapour 
mixtures. Atmospheric air is considered to be a mixture of dry air and water 
vapour. The control of moisture (or water vapour) content in the atmosphere is 
essential for the satisfactory operation of many processes involving Aygrojcop/c 
materials like paper and textiles, and is important in comfort air conditioning. 


15 J Properties of Atmospheric Air 


Dry air is a mechanical mixture of the gases: oxygen, nitrogen, carbon dioxide, 
hydrogen, argon, neon, krypton, helium, oione, and xeiion. However, oxygen and 
nitrogen make up the major part of the combination. Dry air is considered to 
consist of 21% oxygen and 79% nitrogen by volume, and 23% oxygen and 77% 
nitrogen by mass. Completely dry air does not exist in nature. Water vapour in 
varying amounts is diffused through it. and/?^. are the partial pressures of dry 

air and water vapour respectively, then by Dalton's law of partial pressures 


wherep is the atmospheric pressure. 
Mole-fraction of dry air, 



P 


and mole fraction of water vapour, 


(v p = 1 atm.) 



Since p^ is very small, the saturation temperature of water vapour atp^ is less 
than atmospheric temperature, (Fig. 15.1). So the water vapour in air exists in 
the superheated state, and air is said to be unsaturated. 









5 


Fi^, 15.1 



lA inhcttite 


Relative humidity (R.H*, is defined as Ihe ratio of partial pressure of water 
vapour, in a mixture to the saturation pressure, Pj, of pure water, at 
temperature of the mixture (Fig.! 5.1) 




* 

f * 


R.a 



Pvf 




If water is inj ected into unsaturated air in a container, water w 
which will increase the moisture content of the air, andwill increase. This will 
continue till air becomes saturated at that temperature, and there will be no more 

evaporation of water. For saturated air, the relative humidity is 100%. Assuming 

water vapour as an 




and 


/-wV 

p.y 




RT 


n^ET 


where V is the volume and T the temperature of air, the subscripts w and s 
indicating the unsaturated and saturated states of air respectively. 




Pi 




m 


% 


mass of water vapour in a given" 
volume of air at temperature T 




mass of water vapour when the same volume 
o f air is saturated at temperature T 


n 


tv 


X 


w 


n 
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Specific humidity or humidity ratio^ JF, is defined as the mass of water vapour 
(or moisture) per unit mass of dry air in a mixture o f air and water vapour* 

If G = mass of dry air 

m - mass of water vapour 


W 


m 

G 


r 


r- 


' : 



■ 
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’1 

II 




Psychrometrics 619 

Specific humidity is the maximum when air is saturated at temperature or 








ah 

G 


If dry air and water vapour behave as ideal gases 

p^V = mR^T 


p,V= GRJ 


W 


m 

G 


P^i 


P-P 


W 


g.3143/28.96 


8.3143/18 


W = 0.622 


P 


W 


p~p 


(15.1) 


w 


whereIs the atmospheric pressure. is constant, W remains constant 

If air is saturated at temperature T 


IV = W = 0.622 


P 


W 


P-P. 


wherepg is the saturation pressure of water vapour at temperature T. 

The degree of saturation^ /i, is the ratio of the actual specific humidity and the 
saturated specific humidity, both at the same temperature T. 


* 

* * 




W 


0,622 


Pvt 


0.622 


P-Pvt 

A 

p-p. 


Pv. p-p. 

Ps P-Pv^ 


If 


0 


Pvt 


0, p^-OtX^-0, W- 0, i.e, for dry air, p = 0 


If 


100%,77*=/?g, W= 


Therefore, p varies between 0 and 1. 

If a mixture of air and superheated (or unsaturated) water vapour is cooled at 
constant pressure, the partial pressure of each constituent remains constant until 
the water vapour reaches the saturated state. Further cooling causes condensation. 
The temperature at which water vapour starts condensing is called the dew point 
temperaturcy of the mixture (Fig. 15.1). It is equal to the saturation 
temperature at the partial pressure, p^ of the water vapour in the mixture. 

Dry bulb temperature (dbt) is the temperature recorded by the thermometer 
widi a dry bulb. 

Wet bulb temperature (wbt) is the temperature recorded by a thermometer 

when the bulb is enveloped by a cotton wick saturated with water. As the air 

stream flows past it, some water evaporates, taking the latent heat from the water- 
soaked wick, thus decreasing its temperature. Energy is then transfeined to the 


CilU' 


_'ri. 
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wick from the air» When equilibrium condition is reached, there is a balance 
between energy removed from the water film by evaporation and energy supplied 
to the wick by heat transfer* and the temperature recorded is the wet bulb 
temperature. 

A psychrometer is an instrument which measures both the dry bulb and the 

wet bulb temperatures of air. Figure 15.2 shows a continuous psychrometer with 

a fan for drawing air over the thermometer bulbs. A sling psychrometer has the 
two thermometers mounted on a frame with a handle. The handle is rotated so that 

there is good air motion. The wet bulb temperature is the lowest temperature 

recorded by the moistened bulb* 
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Air flow 






Wick 
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Water 
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Fig, 15.2 Dry and wet bulb fempfratures 

At any dbt* the greater the depression (difference) of the wbt reading below the 
dbt, the smaller is the amount of water vapour held in the mixture. 

When unsaturated air flows over a long sheet of water (Fig. 15.3) in an 
insulated chamber* the water evaporates* and the specific humidity of the air 
increases. Both the air and water are cooled as evaporation takes places. The 
process continues until the energy transferred from the air to the water is equal to 
the energy required to vaporize the wafer. When this point is reached, thermal 
equilibrium exists with respect to the water, air and water vapour* and 
consequently the air is saturated. The equilibrium temperature is called the 
adiabatic saturation temperature or the thermodynamic wet bulb temperature. 
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Fig, 15,3 Adiabatic saturation process 
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The make-up water is iatroduced at this temperature to make the water level 
constant. 

The ‘adiabatic’ cooling process is shown in Fig. 15.4 for the vapour in the air- 

vapour mixture. Although the total pressure of the mixture is constant, the partial 

pressure of the vapour increases, and in the saturated state corresponds to the 
adiabatic saturation temperature. The vapour is initially at the dbt and is 

cooled adiabatically to the dbt which is equal to die adiabatic saturation 

temperature The adiabatic saturation temperature and the wet bulb 
temperature are t^cn to be equal for all practical purposes. The wbt lies between 
the dbt and dpt. 


K 

k 



Adiabatic saturation process 


Initially unsaturated air 


Dew point of unsatuiutad 

air at 1 


• • 


-s 

Fig. 1S.4 Adiabatk cooUitg pT<tce4i on T-s plot 


Since the system is insulated and no work is done, the first law yields 


GA., + «, + {m2 - m,)Af2 = Gft.2 + m 2 Ki 

where (/n^ is the mass of water added,/i ^2 the enthalpy of the liquid water 

at ^2 \ specific enthalpy of dry air, and is the specific enthalpy 

of water vapour in air. Dividing by C, and since h ^2 ~ ^^2 

Aai + fn Awl + (^2 - '^i)Af2 = 4^ (15.2) 

Solving for 


where 



The enthalpy 0 f the air-vapour mixture is gi ven by 




b 


where h is the enthalpy of the mixture per kg of dry air (it is not the specific 
enthalpy of the mixture) 


r 
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The constant wbt Hne represents (he adiabatic saturation process. It also 
coincides with the constant enthalpy line. To show this, let us consider the energy 
balance for the adiabatic saturation process (Eq. 15.2). 

*41 + 

Since + Wh^ = h kJ/kg dry air (equation 15.4) 



where subscript 2 refers to the saturation state, and subscript 1 denotes any state 

along the adiabatic saturation path. Therefore 



Wk 


f2 




Since Wh ^2 small compared to h (of the order of 1 or 2%) 

h - constant 


indicating that the enthalpy of the mixture remains constant during an adiabatic 

saturation process. 




Fig* 15,6 Stmihh htaiing 


15r3 Psychrometric Processes 

(a) Sensible He&dng or Cooling (at W = Constant) Only the dry bulb 

I 

temperature of air changes. Let us consider sensible heating of air [Fig. 15.6(a), 

(b) , (c)] Balance of 

Dry air G^ = Gi 
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p 


Air out 


Cooled water 



Xp Make-up water 


Warm 
water {mJ 


Air in 


Fig* 15*14 Cooiing tower 


The difference in temperature of the cooled-water temperature and the wei 
bulb temperature of the entering air is known as the approach . The range is the 
temperature difference between the inlet and exit states of water. Cooling towers 
are rated in terms of approach and range ^ 


r 


1 

i 
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Discharged moist air 

m,p Tj. 





Fan 


^“/nnro 
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Warm water inlet 

Tjj, iTt^ 





Atmospheric air 

'W*. T^p 
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W Return water 




Fig* 15*15 
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O 



Heater 




Sat. air 

at2®C 




Room 


-< 4) 


Spary 

(a) 


Fig* 15^ 



W 

i 


K 


At 


w * 


h 




W 


3 




Pwi 


w 


1 


w,-w. 




a3 


Pw3 


Pw3 


(Psai )t3 


2J39 


0.50 


Pw3 " 



1013- K17 



.l3kPa 


0.622 


Pa3 


0,622 X 


1.17 


100.13 


0.00727 


Pwl 


{Pm ) 2 “C 


1.00 


= 0.7156 kPa 


0.7156 kPa 


p^i = 1013-0.7156- 100.5844 



0.622 


0,7156 


0.00442 




0.00727 - 0.00442 = 0.00285 



air 


^^3 


0.287 X 293 


0.84 m^Ocg dry air 






Spray water = 0,00285 


100.13 

kg vap. 

kg dry air 


X 


kg dry air 


0.84 ra 


3 



0 . 


02^12 ^ ^ J 


3 


Ans 


w4"4 


3"3 


ift'> + 



3 


Aj2 ^ ^2^w2 ^ 




W^^ = h 

W2)h 


3 





3"w3 


~*i> + ^3*w3 


P 

From the steam tables, = 1.17 kPa 



2^w2 


(W. 


3 


^2)^4 - 0 


/fg ^ 2518 kJ/kg and f 


9.65‘^C 




’ ’r 

1 

• 1 

' . iT- -htl 

« i 

b 

I- 1 

^ nhul^ 

. . — 


BsychTornttrits 



L005 (20 - /j) + 0,00727 [2518 + 1.884 (20 - 9.65)] 

- 0.00442 [2518 + 1.884 {t^ - 9.65)] 

- 0.00285 X 10-0 

l 2 =■ 27,2*C Ans. 


Example 15A An air conditioning system is designed under the following 


eonditions: 

Outdoor conditions—30°C dbt, 75% R,H. 

Required indoor condition—22*C dbt, 70% R.H. 

Amount of free air circulated—3.33 m^/s 
Coil dew point tcmpemture— 

The required condition is achieved first by cooling and dehumidification and 
then by heating. Estimate (a) the capacity of the cooling coil in tonnes, (b) the 
capacity of the heating coil in kW, and (c) the amount of water vapour removed in 

kg/s. 


Sohtion The processes are shown in Fig, Ex. 15.4. The property values, taken 
from the psychrometric chart, are 

hi = 82, ^2 ” ^4 ^ kJ/kg dry air 


Heating coil 



Coding coil 

<a) 



4 

J 


14"C 22^C 30"C 

DBT 

(b) 

Fig. Ex. 15-4 











3.754 X 35 X 3600 

■ . .■ 



33.79 tonnes 


Ans. (a) 


Capacity of the heating coil = G {^2 " ^s)" 3.754 (52 - 47) kJ/s 

= 3J54 X 5 = 18.77 kW Ans. (b) 

Rate of water vaponr removed -G(W^- ^ 3 ) 

= 3.754 X {0.0200-0.0115) 

= 0.0319 kg/s Ans. (c) 

Example 15*5 Air at 20°C, 40% RH is mixed adiabatically with air al 40^C, 
40% RH in the ratio of 1 kg of the former with 2 kg of the latter (on dry basis). 
Find the tinal condition of air. 


Solution Figure Ex. 15.5 shows the mixing process of two air streams. The 
equations 

G| H- G2 — Gj 
GiJVi +G2^2^<^3^y 

Gih [ + G 2 A 2 ” G^3^3 

result in 


^ ^ ^ ~ ^3 _ 

h^-hj Gj 

From the psychrometric chart 





Fig. Ex. 15..5 
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Ai ^35, hi 





0*0187 




I 

i 


* 


W. 




0 



G 




1 
2 


W 


3 


^ x0*187>- 5< 0*0058 


3 


3 



Again 


fh-fh 




h 


3 


h 


i 


G 




1 

2 


w P 



3 


2 

3 


h 


2 


1 

3 



1 


2 

3 


X 



+ - x35 
3 


7L67 kJ/kg diy air 


Final condition of air is given by 


W 


h 


3 

3 


0*0144 kg vapikg dry air 
71*67 



Example 15*6 Saturated air at 21‘^C is 



a drier so that its final 


relative humidity is 20%* The drier uses silica gel adsorbent. The inr is then 
passed through a cooler until its final temperature is 21 without a change in 
specific humidity. Find out (a) the temperature of air at the ei^ of the drying 
process, (b) the heat rejected in kJ/kg dry air during the osoling process,' (c) the 



at the end of the drying process, and (e) the 
process in kg vap Ag dry air* 

Solution From the psychrometric chart {Fig. Ex. 15*6) 
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Exajnple IS*S Water at BOX flows into a cooling tower at tJie rate of L15 kg 
per kg of air. Air enters the tow'er at a dbt of 20“C and a relative humidity of 60% 
and leaves it at a dbt of 28 and 9€% relative humidity. Make-up water is 
supplied at 20“C* Determine: (i) the temperature of water leaving the tower, 
(ii) the fraction of water evaporated, and (iii) the approach and range of the 

cooling tower. 

Solution Properties of air entering and leaving the tower (Fig. 15,13) are 


wbi 

wtj2 


15.2“C 

26.7^C 

43 kJ/kg dry air 
83,5 kJ/kg dry air 


Wx = 0,0088 kg water vapour/kg dry air 

Pfj = 0,0213 kg water vapour/kg dT>' air 
Enthalpies of the water entering the tower and the make-up water are 


h 


Vf3 


125.8 kJ/kg 


m 


84 kJ/kg 


From the energy balance Eq. (15.5), 


h 


wl 


A™ 


w4 


G 


m 


[(h,-hx)-(W.-W,)hJ 


Vf 


1.15 


[(83.5-43) - (0,0213 - 0.0088) 84] 


34.2 kJ/kg 


Temperature drop of water 




V .4 


34,2 

4.19 


30 




w4 


Approach 

Range 


21.8“C 


^w4 I 


w3 


w4 


^21.8-15.2 = 6,6^C 
30-21,8 = 8.2X 


Fraction of water evaporated, x = G ( 1^2 - fF^) = 1(0.0213 - 0.0088) 

= 0.0125 kg/kg dry air 

Example 15,9 Water from a cooling system is itself to be cooled in a cooling 
tower at a rate of 2,78 kg/s. The whaler enters the tower at 65*^C and leaves a 
collecting tank at the base at 3 8®C, Air flows through the tower, entering the base 
at 15®C, 0,1 MPa, 55% RH, and leaving the top at 35®C, OJ MPa, saturated. 
Make-up water enters the collecting tank at 14°C, Determine the air flow rate 

ij 

into the tower in m /s and the make-up water flow' rate in kg/s. 

Solution Figure Ex. 15.9 shows the flow diagram of the cooling tower. From 


the steam tables. 


at 

at 


15=C,p 

35“C,/j 


sal 


sar 


0.01705 bar, h 
0.05628 bar, h 


2528.9 kJ/kg 
2565.3 kJ/kg 


r- : iitl;- ; 


c,;iui 


540 


Hot saturated air{35°C, 100'% RH) 


iU 


Hot water (65*C, m^) 


Alf 


Fig* Ex. 15«§ 


Make-up 

wat^f14^) 


L 


* Cold water 
(£) (30=0, m.) 


. Make*up water 


1 


I 


^1 


wl 


^2 


PvfZ 


w 




Energy balance gives 


P 


w 


(Psat) 1 

0.55 X 0.C 


0,55 


P 


W 


)«. 


ssinyc 


0.05628 bar 


0.622 


Pw 


P^Pw 


0.93g X 10'^ bar 


0.622 X 


0.938 X10 


1.00 - 0 . 


-2 



0.00589 kg vap./kg dry air 


0.622 X 


0.05628 

100 - 0,05628 


0.0371 kg V ap^dry air 


0.0371 -0 


0.03121 kg vap./kg dry air 




0 


For 1 kg of dry air 


{<2 - fl ) + ® 1*2 - + *«» (*4 - * 3 ) 


t.) + W,h 


W.h 


+ 


W.)h 


1.005 (35 -15) + 0.0371 x 2565.3 - O.l 

+ m ,(- 35) 4.187 - 0.03121 X 4,187 X 


00589 X 2528.9 


0 


LmiT' nhtli- h i -lIiuM' 
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Problems 



IS. 1 An air-water vapour mixture at 0.1 Mpa, 30°C, S0% RH has a volume of SO m^. 

Calculate the ^ecific humidity, dew point, wbt, mass of dry air, and mass of 
water vapour. 

If the mixture is cooled at constant pressure to calculate the amount of water 

vapour condensed. 

15.2 A sling psychrometer reads 40°C dbt and 36^C wbt. Find the humidliy ratio, 

relative humidity, dew point temperature, specific volume, and enthalpy of air, 

15.3 Calculate the amount of heat removed per kg of dry air if the initial condition of 

air is 35°C, 70% RH, and the final condition is 25*C, 60% RH. 

15.4 Two streams of a i r 2 5 ®C, 50% RH and 25®C, 60*1^ RH arc mixed adiabatically to 

obtain 0.3 kg/s of dry air at 30°C. Calculate the amounts of air dmwn from both 
the streams and the humidity ratio of the mixed air 

15.5 Air at 40®C dbt and 27*C wbt is to be cooled and dehumidified by passing it over 

a refrigerant'^fiZled coil to give a final condition of 15'^C and 90% RH, Find the 
amounts of heat and moisture removed per kg of dry air 

15.6 An air-water vapour mixture enters a heater-humidifier unit at 5®C, 100 kPa, 

50% RH, The flow rate of dry air is Od kg/s. Liquid water at 10®C is sprayed into 
the mixture at the rate of 0.002 kg/s. The mixture leaves the unit at 30°C, 100 
kPa. Calculate (a) the relative humidity at the outlet, and (b) the rate of heat 
transfer to the unit. 

15.7 A laboratoo^ has a volume of 470 and is to be maintained at 20®C, 

52.5% RH. The air in the room is to be completely changed once every hour and 
is drawn from the atmosphere at LOS bar, 32®C, 86% RH, by a fan absorbing 
0,45 kW, This air passes through a cooler which reduces its temperature and 
causes condensation, the condensate being drained off at S°C. The resulting 
saturated air is heated to room condition. The total pressure is constant 
throughout. Detennine (a) the temperature of the air leaving the cooler, (b) the 

rate ofcondensation, (c)the heat transfer in the cooler, and (d) the heat transfer in 
the heater. 


Ans. (a) lO'^C, (b) 10.35 kgdi, (c) 11.33 kW, (d> 1.63 kW 

15.8 Jn an air conditioning system, air is to be cooled and dehumidified by means of a 

cooling coil. The data are as follows: 

Initial condition of the air at inlet to the coolingcoiUdht ~ 25°C, partial pressure 
of water vapour = 0.019 bar, absolute total pressure - 1.02 bar 
Final condition of air at exit of the cooling coil: 

dbt = 15°C, RH = 90%, absolute total pressure = L02 bar. 

Other data are as follows: 

Characteristic gas constant for air = 278 J/kg K 
Characteristic gas constant for water vapour = 461,5 i/kg K 
Saturation pressure for water at i5“C = 0.017 bar 
Enthalpy of dry air “ 1.005 t kJ/kg 

Enthalpy of water vapour = (2500 + L88 0 kJ/kg where f is in 

Detennine (a) the moisture removed from air per kg of dr>' air, (b) the heat 

removed by the cooling coil per kg of dry air. 

Arts, (a) 0.0023 kg/kg d,a. (b) 16.1 kJ/kg d.a. 
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15,9 Air al 30®C, 80% RH is cooled by spraying in water at 12*C. This causes 


saturation* followed by condensation, the mixing 



assumed to take place 


adiabatically and the condensate being drained off at 16.7®C. The resulting 
satinated mixture is then heated to produce the required conditions of 60% RB at 
25^C. The total pressure is constant at 101 kPa, Determine the mass of water 
supplied to the sprays to provide 10 m^/h of conditioned air. What is the heater 
power required? 

2224 kg/h* 2.75 kW 

15.10 An air-condiiioned room requires 30 m^/min of air at 1.013 bat* 20°C> 

52.5% RH.Tlie steady flow conditioner takes in air at 1.013 bar, 77% RH, which 
it cools to adjust the moisture content and reheats to room temperature. Find the 

temperature to which the air is cooled and the thermal loading on both the cooler 
and heater. Assume that a fan before the cooler absorbs 0.5 kW* and that the 
condensate is discharged at the temperature to which the air is cooled. 

Atts. lO^C, 25 kW* 6.04 kW 

15.11 An industrial process requires an atmosphere having a RM of 88.4% at 2 and 

involves a flow rate of 2000 m^/h. The externa I conditions are 44.4% RH* 15“C. 
The air intake is heated and then humidified by water spray at 20"C. Determine 

power required for heating if the 



the mass flow rate of spray water and 
pressure throughout is 1 bar. 

/iiw. 23.4 kgfli* 20.5 kW 

15.12 Cooling water enters a cooling tower at a rate of 1000 kg/h and 70^C. Water is 

pumped from the base of the tower at 24''C and some make-up water is added 

afterwards. Air enters the tower at 15*C, 50% RH* 1.013 bar* and is drawn from 
the tower saturated at 34"C, 1 bar. Calculate the flow rate of the dry air in kg/h 
and the make-up water required per hour. 

Ans. 2088 kg/h* 62.9 kg/h 

15.13 A grain dryer consists of a vertical cylindrical hopper through which hot air is 

blown. The air enters the base at 1.38 bar* 65°C* 50% RH, At the top, saturated 
air is discharged into the atmosphere at 1.035 bar* 60"C. 

Estimate the moisture picked up by 1 kg of dry air* and the total enthalpy change 

between the entering and leaving stmams expressed per unit mass of dry air. 

AnSr 0.0864 kJ/kg air, 220 kJ/kg air 

15.14 Air enters a counterflow cooling tower at a rate of 100 m /s at 30°C dbt and 40% 


relative humidity, Air leaves at the top of the tower at 32“C and 90% relative 
humidity. Water enters die tower at 35*^C and the water flow rate is 1.2 times the 
mass flow rate ofatr. Make-up water is supplied at 2D°C. What arc the range and 
approach of the tower? At what rate is heat absorbed from (he load by the stream 
of water on its way back to the top of the tower? What percentage of the water 
flow rate must be supplied as make-up water to replace the water ev aporated into 
the air stream? 

Ans. Range “ 8.7*C, Approach = 6.3*C* Q = 5005 kW* % make-up = 1.39% 




In this chapter we shall study the thermodynamics of mixtures that may be 
undergoing chemical reaction. With every chemical reaction is associated a 
chemical equation which is obtained by balancing the atoms of each of the atomic 
species involved in the reaction. The initial constituents which start the reaction 
are called the reacrams, and the final constituents which are formed hy chemical 

reaction with the rearrangement of the atoms and electrons are called the 
products. The reaction between the reactants, hydrogen and oxygen, to form the 
product water can be expressed as 


H. - 


H2O 


( 16 . 1 ) 


The equation indicates that one mote of hydrogen and half a mole of oxygen 
combine to fonn one mole of water. The reaction can also proceed in the reverse 


direction. The coefficients 1, 
stoichiometric coefficients. 


1 

2 


I in the chemical Eq. (16.1) are called 


16.1 Degree of Reaction 

Let us suppose that we have a mixture of four substances, ^4 

capable of undergoing a reaction of the type 


Vj + V2 A2 


t V4^4 


where the v’s are the stoichiometric coefficients. 

Starting with arbitrary amounts of both initial and final constituents, let us 
imagine that the reaction proceeds completely to the right with the disappearance 
of at least one of the initial constituents, say, A j. Then the original number of 
moles of the initial constituents is given in the form 


Urhc-barrcchHich gGsahritrfes 


















Reactive Systems 


m 


n 


n 


1 

2 




^0 ^1 "^2 


where is an arbitrary positive number, and Nj is the residue (or excess) of A^t 
i.e., the number of moles ofi 42 which cannot combine. If the reaction is assurtied 
to proceed completely to the left with the disappearance of the final constiment 
then 


n 






0^3 


/*4 



«0 + ^4 


where is an arbitrary positive number and is the excess number of moles of 

A^ left after the reaction is complete from right to left. 

For a reaction that has occurred completely to the left, there is a maximum 
amount possible of each initial constituent, and a minimum amount 
each final constituent, so that 
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by chemical reaction) 



Q (The constituent .^4^ completely disappears by reaction) 





is complete to the left) 

Similarly, if the reaction is imagined to proceed completely to 
is a minimum amount of each mitial constituent, and a maximum amount of each 

final constituent, so that 



n 


l 



0 


/12 (min) = ^^2 


n 


3 



= noV3 

(Origiiut amount) 


+ «(, Vj 

(Amoont formed by cbemicsl reactioa) 


(^0 ^2 ^2 




^ (no + 

= (% + '^o) ^^4 ’*■ ^4 

Let us suppose that the reaction proceeds partially 
left to the extent that there are n I motes of A 


”0 ^3 ^^3 ^0 ^4 ^4) 




to the right or to the 
2 , ^3 moles of^ 3 , 



W 4 moles of ^ 4 . The degree (or advancement) of reaction £ is defined in terms of 
any one of the initial constituents, say, ^ j, as 




£ 


(max) — n 
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It is seen that when (max), 0, the reaction will start from left to 

right. When fii - (min), ^ = 1, reaction is complete from left to right. 

The degree of reaction can thus be written in the form 

(ffp +wS)Vi -Wi 

■ I ■ II ■!■ I ■ 

(«0 + Wo)Vl 

Therefore 

^ (rt(j + nyv, - («(j + fig} v^£ 

- n (at start) - n (consumed) 

= Number of moles of at start - number of moles of jJj 

consumed in the reaction 

= Vi (I - £) 

/i 2 =n (at start) - n (consumed) 

= («o ^ «o) ^2 + ^2 - («o ^ ''o) ^2^ 

= (ng + n^ V2 (1 - £) + JV 2 

n^ = n (at start) -1' n (fonned) 

= 0 4- (no + Ttg) v^s 
^ (^0 + '^o) '^3^ 

^4 = rt (at start) + n (formed) 

= ^4 + (tt(, + ni) v^e 

= (no + ni) + JV 4 (16.2) 

The number of moles of the constituents change during a chemical reaction, 
not independently but rcstricled by the above relations* These equations are the 
equations of constraint. Tbe n's are functions of £ only* In a homogeneous 
system, in a given reaction, the mole fi^ction *r’s are also functions of £ only, as 
illustrated below* 

Let us take the reaction 



b which n^ moles of hydrogen combbe with ng/2 moles of oxygen to form 


moles of water* The n*s and x's as 
below. 



of £ are shown m 
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'' If llie reaction is imagined lo advance to an inftmlesiinal extent, the degree of 
reaction changes from £ to £+ dc; and the various n’s will change by the amounts 


d/I] 


dn 


dn 

dw 


2 

3 


4 


- {/Ip + rQ V, d£ 

- d£ 

(ii0 + ny V3 d£ 
(% + ff'e) V4 d£ 


or 


d/f 


1 


d/I 


2 


d/I 


dn 


4 


V 


i 


V 


2 


V 


V 


(% ^ d£ 


4 


which shows that the dn ’ s are proportional to the v^'s. 


16*2 Reaction Equilibrium 

Let us consider a homogeneous phase having arbitrary amounts of the 

constituents, ^ 2» ^3 capable of undergoing the reaction 

Vj ^ ] + ^2 ^3 ^ - ■— ^^3 ^3 ^ ^^4 -^4 

The phase is at uniform temperature T and pressure p. The Gibbs function of 
the mixture is 

G = ftinj + fljni + + fl^n^ 

where the n' s are the number of moles of the constituents at any moment, and 

/x’sare 

Let us imagine that the reaction is allowed to take place at constant T and p. 
The degree of reaction changes by an infinitesimal amount from £ to £ + d£. The 
change in the Gibbs function is 




dGy, 


V 


tint; 

ti, dn, + /i, dn, + fi, dn, + fi. dn. 


The equations of constraint in differential form are 


d/I 

d/I 


1 

3 


(rig + n'o) v, de, 

(«0 + "0) *i®> 




3 

I 

4 


{rsg + /ly Vj d£ 

(fffl + 0) V4 d£ 


On substitution 


dG^ p - (/iQ + /ly C- Vj/i, - V2;i2+ V3II3 + V4P4) de 


(16J) 


When the reaction proceeds spontaneously to the right, d£ is positive, and 


since dGy^ p < 0 


(Vj/i] + V2P2) > (^3^3 


If I ^^4/^4) ^ negative for the reaction 

to the right. 

When the reaction proceeds spontaneously to the left, d£ is negative 

+ yifh) < (y^f^j + ^4/^4) 

i.e,, Ivjj^ is positive. 

At equilibrium, the Gibbs function will be minimum, and 



r ■ ' rr- h 







Vl/il + V2//2 = ^ 2 ^ 1 . + ( 16 . 4 ) 

which is called the equation of reaction equilibrium. 

Therefore, it is the value of which causes or forces the spontaneous 
reaction and is called the ^chemical affimty\ 

16^ Law of Mass Addon 



Fora 

when the constituents are ideal gases^ the chemical potentials are given by the 


expressions 



type 


/ik = R^<k + + In ;Ck) 


where the s are functions of temperature only (Article 10 . 11 ). 
Substituting in the equation of reaction equilibrium ( 16 * 4 ) 

Vi + ln /7 + In X]) + V2 p + In X2) 

- 1^3 In p + In X3) + V4 (^4 -t- In /? + In X4) 


On reananging 

V3 In + V4 In Jt4 - V] In jfi - In + (v^ + V4 - - V2) Inp 


(Vj 4h+V^<l>^ 



1 



In 


■^3 


X4 


c V, A + V. 


p 


Vj + V4-V| - Vj 


v,<p 


I 




E>enoting 


inK 





4 




where K, known as the equilibrium constant, is a function of temperature only 


^ 
''I 


Xi ■ *x 


L 
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p 


y 3 +V*-Vi-V 2 


K 



e=E 


€ 


This equation is called the law of mass action, .^has the dimension of pressure 
raised to the (Vj + W4 - - v^ji(h power* Here the x's are the values of mole 

ftactions at equilibrium when the degree of reaction is e^. 

The law of mass action can also be written in this form 


P? ■ 

Pi^ ■ Pi' 


K 


where the p^s ate the partial pressures. 


16*4 Heat of Reaction 


The equilibrium constant K is de6ned by the expression 


In a: 
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The eqaitibnum constant is given by 


!n^ = !n 
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Since the three gases are monatomic, c 


2 


which, on being substituted in 


the Nemst's equation, gives 
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RT 


I 

2- + — Inr+ln 
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( 16 . 9 ) 


where 


AS^ 


R 


]nB 


In 
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l-£l T 



5/2 


RT 


£ 


Be 


-dHo^KT T 


5n 


£ 


P 


(16.10) 


where h the equilibrium value of the degree of ionization. This is known as the 

Saha's equation, For a particular gas the degree of ionization increases with an 
increase in temperature and a decrease in pressure. 

It can be shown that AHq ts the amount of energy necessary to ionize 1 gmol of 
atoms. If we denote the ionization potential AHq of the atom in volts by E, then 


AH^ 


E(volts) X 1.59 X 


-19 


coulomb 


electron 


X 6M X 10 


23 


gmol 


9.6354 X 10“ E J/graol 


Equation (16.9) becomes 


In 
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P 


96354 E . 5 , ^, 

—=-+ — in r -1- In E 

RT 2 


( 16 . 11 ) 


Expressing^ in atmospheres, changing to common logarithms and intFOducing 
the value of B trom statistical mechanics, Saha finally obtained the equation: 


£ 

log —^p (atm) 


^^^ + liogr+io8^ 

19.148 7' 2 a. 


6.491 ( 16 . 12 ) 
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From this^ the value of the degree of reaction at equilibrium may be 


calculated. 

From Eq. (163), if % = 1 
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because the magnitude of the second term on 
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V 4 


Zv J 
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ZvJ 



very small compared to ACT®. The slope 
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of the reaction^ and it is equal to at the standard reference state. The 
magnitude of the slope at £ = 1/2 (Fig. 16.2) indicates the direction in which the 
reaction will proceed. For water vapour reaction, AG' 29 g ^ positive 
number, which indicates the equilibrium point is far to the left of £ = 1/2, and 

therefore, is very small Again for the reaction NO ^ ^ ^^298 

is a large negative value, which shows that the equilibrium point is far to the right 
of £= 1/2, and so is close to unity. 



+ oo 


Fig. leji 





£ ai 









process is 


d(? - - 



= /f/f rdOn p) 

Analogously, the differendal of the Gibbs function for a real gas is 

dG = ff^rd(ln/) (16.15) 

where / is called the Jugacity^ first used by Lewis. The value of fugacity 
approaches the value of pressure as the latter tends to zero, i.e., when ideal gas 
conditions apply. Therefore 

Urn = 1 

p-^O p 

For an ideal gas/=p. Fugacity has the same dimension as pressure. Integrating 

Eq. (16.15) 



G-(f^nRT\nX 
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Therefore, for endothermic reaction, when AH is positive 


9e. 

dr 


IS 


and for exothermic reaction, when AH b negative 


ive.f 


de, 

dr 


is negative. 


Again, 
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I Bp 
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dp 
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Bp 


dlnJf 

BeT 


Using the law of mass action 


Bp 
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V3 + V 
^ I 


-Vi- 


V 


(16.18) 


If (Vj + V 4 ) > (Vj + V 2 ), i.e., the number of moles increase or the volume 


increases due to reaction. 


dc* 

dp 


IS 


(Vj + V4) < (Vi ’I- V2), i,c., 


T 




es m an 


j 


de, 

dp 


IS 
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16*11 Heal Capacity of Reacting Gases in 

Equilibrium 


For a reaction of four ideal gases, such as 


Vj^j + V 2 A 2 

the enthalpy of mixture at equilibrium is 


Vyij + ViA^ 


H=Zn^h 


k"l 


where n, = («« + n'a) V, (1 - £,),« 


(no + n;)V 2 (l -0 + ^f; 


n3 = (fflo + /tJ) Vj ^and = (bq + «o) Vj 

Let us suppose that an infinitesimal change in temperature takes place at 
constant pressure in such a way that equilibrium b maintained. 

wiU change to the value ^+ de^ and the enthalpy will change by the amount 


where 

Therefore 


dH, 

dA, 


Z/ijj dA + jLh^ d njj 
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± (rto + Vk d£, 
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IrtfcCpfc df’f (n^ + ni) {V3A3 -S' V4A4 - VjAj 
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The heat capacity of the reacting gas mixture is 


Using Eq, (16.14) 


C 


C 
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RT 
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V4 
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(16.19) 


16.12 Combustioii 


Combustion is a chemical reaction between a fuel and oxygen which proceeds at 
a fast rate with the release of energy In the fonn of heat. In the combustion of 
methane^ e.g. 


CH^ + 2 O 2 

RcacUnls 


CO 2 2 H 2 O 


Products 


One mole of methane reacts with 2 moles of oxy gen to form 1 mole of carbon 
dioxide and 2 moles of water. The water may be in the liquid or vapour state 
■ ^ , and pressure of the products of combustion. Only 

the initial and final products are being eonsida^ without any concern for die 
intermediate product that usually occur in a reacdon. 



Atmospheric air contains 21% oxygen^ 


nitrogen* and 1 % argon by 


volume. In combustion calculations, however, the argon is usually neglected, and 
air is assumed to consist of 21% oxygen and 79% nitrogen by volume (or molar 
basis). On a mass basis, air contains 23% oxygen and 77% nitrogen,^ 

For each mole of oxvEen takinE nart in a combustion reaction, there are 79.0/ 


21.0-3.76 n 
be written as 


The 




lUmrir 


CH 4 + 20 , + 2(3. 


um amount 


( I 


CO 2 + 2 H 2 O + 7.52 


combustion of all the elements like carbon, hydrogen, etc., which may oxidize is 

called the theoretical or stoichiometric air. There is no oxygen in the product 
when complete combustion (oxidation) is achieved with this theoretical air. In 


practice, 


, more air 


amount IS 


for complete combustion. Actual air supplied is usually expressed in terms of 


percent 


aui 


an means 


1.5 ti 


air is supplied. Thus, with 150% theoretical air, the methane combustion reaction 


can be written as 


CH 4 + 2(1,5) O 2 + 2(3.76) (1,5)N 
CO2 + 2H2O + O24 IL28N2 


Another way of expressing the actual air quantity supplied is in terms of excess 


air. 


theoretical air means 50% excess air. 


' :t 




V i 
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If a combustion process occurs adiabatically in the absence of woric transfer or 
changes in K.E. and then the energy equation becomes 





For such a process, the temperature of the products is called the adiabatic 
flame temperature which is the maximum temperature achieved for the given 

reactants, The adiabatic flame temperature can be controlled by the amount of 
excess air supplied; it is the maximum with a stoichiometric mixture. Since the 
maximum pennissible temperature in a gas turbine is fixed from metallurgical 

considerations, close control of the temperature of the products is achieved by 
controlling the excess air. 

For a given reaction the adiabatic flame temperature is computed by trial and 
error. The energy of the reactants being known, a suitable temperature is 
chosen for the products so that the energy of the products at that temperature 
becomes equal to the energy of the reactants. 


16*16 Enthalpy and Internal Energy of Combustion; 

Heating Value 


The enthalpy of combustion is defined as the difference between the enthalpy of 
the products and the enthalpy of the reactants when complete combustion occurs 
at a given temperature and pressiure. 

Therefore 



where is the enthalpy of combustion (kj/kg or kj/kgmol) of the fuel. 

The values of the enthalpy of combustion of different hydrocarbon fuels at 
25°C, 1 atm. are given in Table 16.4. 

The internal energy of combustion, Uj^p, is defined in a similar way. 




If all the gaseous constituents are considered ideal 
liquid and solid considered ts assumed to be 



and the 



of 



compared to gaseous 






volume 







«Dp -RT (« 


gaseous 




gaseous reacl^^ 



In the case of a constant pressure or steady flow process^ the negative of the 
enthalpy of combustion is frequently called the heating value at cmstant 
pressure^ which represents the heat transferred from the chamber during 

combustion at constant pressure. 

Similarly, the negative of the internal energy of combustion is sometime 

designated as the heating vaiue at constant volume in the case of combustion, 
because it represents the amount of heal transfer in the constant volume process. 

The higher heating value (HHV) or higher calorific value (HCV) is the heat 
transfened when H 2 O in the products is in the liquid state. The lower heating 
value (LHV) or lower calorific value (LC V) is the heat transferred in the reaction 
when H 2 O in the products is in the vapour state. 

Therefore 


LHV = HHV - 

where is the mass of water formed in the reaction. 


16.17 AbaolutB Entropy and die Hiird Law of 

Thermodynamics 


So far only the first law aspects of chemical reactions have been discussed. The 
second law analysis of chemical reactions needs a base for the entropy of various 
substances. The entropy of substances at the absolute zero of temperature, called 
absolute entropy, is dealt with by the third law of thermodynamics formulated in 
the early twentieth century primarily by W.H. Nemst (1864-1941) and Max 
Planck {185S“1947). The third law states that the entropy of a perfect crystal is 
zero at the absolute zero of temperature and it represents the maximum degree of 
order. A substance not having a perfect crystalline structure and possessing a 
degree of randomness such as a solid solution or a glassy solid, has a finite val ue 
of entropy at absolute zero. The third law (see Chapter 11) provides an abs olute 
base from which the entropy of each substance can be measured. The entropy 
relative to this base is referred to as the absolute entropy. Table 16,3 gives the 
absolute entropy of various substances at the standard state 25®C, 1 atm. For any 
other state 

where Sj refers to the absolute entropy at I atm. and temperature r, and 
{As )t; ] jtm, T, p ref^^^ tiie change of entropy for an isothermal change of 
pressure from 1 atm. to pressure/? (Fig. 16.6). Table C in the appendix gives the 

values of for various substances at 1 atm. and at different temperatures. 

Assuming idea! gas behaviour (As)j i p can be determined (Fig. 16.6) 

-s. = -Rin — 

P\ 



16,18 Second Law Analysis of Reactive Systems 

The reversible work for a steady state steady flow process* in the absence of 
changes in K.E. and P.E., is given by 

= X"i (*1-^0 *i) “ S"e (*t- ^0 Se) 

Foran S.S.S.F* process involving a chemical reaction 

»'«v=Z »i [*? + A* - To 5], 

R 

- Z [* ? + A A - To J] (16.26) 


The irreversibiiity for such a process is 


^0*e -Z"! ^0® 


P 


R 


The availability, \ff, in the 



of K.E. and P. E, changes, for an S,S. S .F 


process is 


¥ 



^0^) “ (^0 “ ^o^o) 


When an S, S. S T. chemical reaction takes place in such a way that both the 
reactants and products are in temperature equilibrium with die surroundings, the 
reversible work is given by 



where the g'j refer to the Gibbs function. The Gibbs fitnetion for formation^ gf, 



elements at 25^0 and 1 aim. pressure is assumed to be zero, and the Gibbs 
function of each substance is found relative to this base. Table 16.1 gives gf for 
some substances at 25°C, 1 aim. 
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16.19 




In Chapter 8, it wa^ stated that when a system is al the dead state, it is in thermal 
and mechanical equiUbrium with the enviroitment, and the value of its exergy is 
zero. To state it more preci sely, the ihermomechan ical contribution to exergy is 
zero. However, the contents of a system at the dead state may undergo chemical 
reaction with environmental components and produce additional work. We will 
here study a combined system formed by an environment and a ^stem having a 
certain amount of fiiel at Tf^,pQ, The work obtainable by allowing the fuel to react 

with oxygen from the environment to produce the environmental components of 
CO 2 and H 2 O is evaluated. The eftem ical exergy is thus de fined as the max imum 
theoretical work that could be developed by the comb bed system. Thus for a 
given system at a specific state: 

Total exergy = Thermomechanical exergy+Chemical exergy 

Let us consider a hydrocarbon fuel at Tq, reacting with oxygen from 

the environment (Fig. 16.7) which b assumed to be consisting of an ideal gas 
mixture at Tq, Pq. The oxygen that reacts with the fuel is at a partial pressure 

WorX 
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Po- ^0 \ 
CTHtf 
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O2 at Tq 
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i. 





■i 


CO, BtJ^ 

XcQjpO 



X 


Heat transfer enviroiiETient at pQ, Tq 


Boundary of the combined sj^em 
Fig, 16,7 Fuel exergy canetpt 


po, where is the mole fraction of oxygen in the environment. The fuel and 
oxygen react completely to produce CO 2 and HjO, which exit in separate streams 
at Tq and respective partial pressures of ^ and Xnp' ^ 0 ^ reaction is 
given by: 
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6€9 


where the first term on the right is the absolute entropy at To and and jfj is the 
mole fraction of component i in the envircmmmit Therefore, Eq. (16,31) becomes, 
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(103) 


In terms of Gibbs functions of respective substances, 
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(16.34) 


where 


g (7o.P(i) = fff+ 


T(&-Po 




For the special case when TJj and are the same as and Ag will be 


zero. 


The chemical cxergy of pure CO at F^, Pq where the reaction is given by: 


CO + - O, 

2 ^ 



CO 
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(5d.) 
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^co 
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Scoj 1 {“* ^0. Pa) 


+ RT^ 
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CO: 


Water is present as a vapour within the environment, but normally is a liquid at 
F^, Pq. The chemical exergy of liquid water is 
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The specific exergy of a system is 
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2 


O2 + 2H2O + 2 e 


2(0H)‘ + H 2 O 


the circuit, and the water (product) is removed from the cell. The overall reaction 


is; 


H,+ 


2 


O 


H.0 


which 1 $ the same as the equation for the highly exothermic combustion reaction. 
However, in a fuel cell, only a relatively small amount of heat transfer between 
the cell and its surroundings takes place, and the temperature rise is also rela¬ 
tively much smaller 

Energy is removed from the fuel cell as electrical energy, whereas energy is 
removed from a combustion reaction as heat or as heat and work together. 
Because the fuel cell operates almost isothermaliy and continuously, Ihe extent of 


its conversion 


of thermodynamics. 


energy is 


In a fuel cell, there is a continuous supply of the reactants. The overall reaction, 
as stated, is divided into two reactions that occur on separate electrodes. The fiiel 
and the oxidizer do not come directly into contact with each other, because direct 

contact would general Iy involve a non-isolhermal (exothermic) reaction as In a 

normal combustion process. 

One reaction, occurring on the surface of one electrode, ionizes the fuel and 
sends released electrons into an external electric circuit. On the surface of the 


and when combined with the oxidizer creates ions. The ions from each reaction 

are combined in the electrolyte to complete die overall reaction. The electrolyte 
between the electrodes is necessary to transport ions, and it is not electrically 
conductive, thus, not allowing the flow of electrons through it. 

The maximum work obtainable in a fuel all is given by £q. (16.27), 
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Also, from Eq. (16.2), 
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The fuel cell effrciency is defined as; 

e^^G/AH 




(16.38) 
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Example 16.5 Starting with v ^ moles of A ^ and V 2 motes of A 2 , show that: 

(a) At any value of e, 

G = £ [V3/<3 + V4JU4 - V,/t, - + Vifi, + Vjfli 

(b) At equilibriimit 

G(iniii) - + Vj/ij, 

where the subscript e denotes an equilibrium value. 


(c) 


G - g(tnjn) 
R T 


a 


In 


V 4 


-r' 


tn 




(d) At£ = 0, 
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(b) At equilibrium. 
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(c) We have from (a) and (b), 
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For an ideal gas, 
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Substituting € = 0* Eq. of (c) reduces to 


Gq — G (min) 


RT 


In xj^^ ’X^ 


In j:.'’,' • 


2c 


In x^J -x^J 


G, 


in 


V 1 +V 2 


(e) At £ = 1 ^ Eq* (e) reduces to 
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Example 16«6 For the dissociation of nitrogen tetraoKide according to the 
equation 


N.0 


2NO 


Show that the degree of dissociation at equilibrium 


e 


K 

V. 


where Vq = initial volume and volume at equilibrium. At SO^'C and 0 J 24 atm, 
there is a 77.7% increase in volume when equilibrium is reached. Find the value 


of the equilibrium constant 
Solution 
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Starting with moles of N 2 O 4 at temperature T and pressure /?* the initial 


volume Fq is 
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If Fg denotes the volume at 


equilibrium, the temperature and pressure 


remaining the same, then 
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where is the value of the degree of dissociation at equilibrium. This can be 


written: 
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Example 16*12 (a) Propane (g) at 25^C and 100 kPa is bumedi with 
theoretical air at 25°C and 1 00 kPa. Assume that the reaction occurs reversibly at 
25^C, that the Oxygen and nitrogen are separated before the reaction takes place 
(each at 1 00 kPa, 25 that the constituents in the products are separated, and 


that each is at 25^Cj 



kPa. Determine the reversible work for this process. 


(b) If the above reaction occurs adiabatically, and each constituent in the products 
is at 100 kPa pressure and at the ad i abatic f1 ame temperature, compute (a) the 
increase in entropy during combustion, (b) the irreversibility of the process, and 

(c) the availability of the products of combustion, 

Sotution The combustion equation (Fig. Ex. 16,12) is 

C,hUg) + 5 (4) Os + 5 (4) (3*76) 


3 CO 2 + 4 H 2 O (g) + I 5 O 2 + 75.2 Ns 


(a)W 






R 


P 


From Table 16,1 


W, 


rev 


(g^fO ) 


CaHaCg) 




f^ic02 


4 ( 5,0 





- 23,316 -3{-: 394,374) ~ 4(- 228,583) 
2,074,128 

2,074,128 
44.097 


Ans 


47,035,6 kj/kg 


Ans 


(b) 


H 



H 


p 





3 








CO 


+ 4 (a 




+ 


Ah) 


Hjoca) 


+ 15 Aho^ +75,2 AH^^ 


From Table 16.1 


- 103,847 - 3 C^ 393,522 + Ah )co, 4 (- 241,827 + Ah )hjO(i) 

+ 15 Aho^ +75.2 

Using Table C in the appendix, and by trial and error, the adiabatic flame 

temperature is found to be 980 K. 

The entropy of the reactants 


Each at 
25*C < 

100 kPa I 



CO 2 

H 2 O 

Oa 

Na 


Each at 
;>25‘^ 
100 kPa 


f 



r 
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Fig* Ex* 16*12 
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16.19 



temperature of the products is limited to 827^C* Estimate the air-fuel ratio used 
and the percentage excess air. 

Arts. 66, 338% 

16.18 A mixture of methane and oxygen, i n the proper ratio for complete combustion 

and at 25^C and 1 atm, reacts in a constant volume calorimeter bomb. Heat is 
transferred until the products of combustion are at 400 1C Determine tbc heat 
transfer per mole of methane. 

.4ns.-794414 U/kgmol 

(NjH,,) and oxygen gas> both at 25®C, 0.1 MPa are fed to a 
^ rocket combustion chamber in the ratio of 0.5 kg 02 /kg N 2 H 4 . The heat transfer 
from the chamber to the surroundings is estimated to be 100 kJ/kg N 2 H 4 . 
Determine the temperature of the products* assuming only H 2 O, H 2 , and Nj to be 
present. The enthalpy of the fbnnation of (1) is + 50,417 kJ/kgmol. 

Arts. 2855 K 

If saturated liquid oxygen at 90 K. is used instead of 25°C oxygen gas In the 
combustion process* what will the temperature of the products be? 

16.20 Liquid ethanol is burned with IS 0 % theoretical oxygen in a steady 

flow process. The reactants enter the combustion chamber at 25°C* and the 
products are cooled and leave at 65"C, 0.1 MPa. Calculate the heal transfer 
per kg mol of ethanol. The enthalpy of formation of C^HjOH ( 1 ) is - 277* 
634 kJ/kg moL 

16.21 A small ga.s turbine uses CgH 1 g (1) for fuel and 400% theoretical air. The atr and 

fuel enter at 25°C and the combustion products leave at 900 K.. [f the specific fuel 
consumption is 0.25 kg/s per MW output* determine the heat transfer from the 
engine per kg mol of fuel, assuming complete combustion. 

Arts.-4 ^,830 kJ/kgmol 

1622 Hydrogen peroxide (HjO^) enters a gas generator at the rate of 0.1 kg/s* and is 


decomposed to steam and oxygen. The resulting mixture is expanded through a 
turbine to atmospheric pressure* as shown in Fig. P 16.22. Determine the power 
output of the turbine and the heat transfer rate in the gas generator. The enthalpy 
of formation 0 ^ 203 ( 1 ) is - 187*583 kJ/kgmol. 

Ans. 38.66 kW*-83.3 kW 


26“C 
500 kPa 

Hi02 


500 kPa 
500 K 


/ 



1 


\ 


V 


generator 

Q 


T 


W 





kl 


f 





Fig. P 

16.23 An intental combustion engine burns liquid octane and uses 150% theoretical 

air. The air and fuel enter at 25'^C* and the produces leave the cmgine exhaust 
ports at 900 K. In the engine 80% of the carbon bums to CO^ and the remainder 
bums to CO. The heat transfer from this engine is just equal to the work done by 
the engine. Determine (a) the power output of the engine if the engine bums 





A fluid is defined as a substance which continuously deforms under the action of 
shearing forces. Liquids and gases are termed as fluids. A fluid is said to be 
incompressibie if its density (or specific volume) does not change (or changes 
very little) with a change in pressure (or temperature or velocity). Liquids 
are incompressible. A fluid is said to be compressible if its density changes 
with a change in pressure or temperature or velocity. Gases are compressible* 
The effect of compressibility must be considered in flow problems of gases* 
Thermodynamics is an essential tool in studying compressible flows, because of 
which Theodore Von Karman suggested the name' Aerothermodynamics’ for the 
subject which studies the dynamic of compressible fluids. 

The basic principles in compressible flow are: 

(a) Conservation of mass (continuity equation) 

(b) Newton’s second law of motion (momentum principle) 

(c) Conservation of energy (first law o f thermodynamic s) 


id) 


law of thcrmodynami 


(e) Equation of state. 

For the first two principles, the student is advised to consult a book on fluid 
mechanics, and the last three principles have been discussed in the earlier chapters 
of this book. 


17.1 Velocity of Pressure Pulse in a Fluid 

Let us consider an infinitesimal pressure wave initiated by a slight movement of a 
piston to the right (Fig. 17.1) in a pipe of uniform cross-section. The pressure 
wave front propagates steadily with a velocity c, which is known as the velocity 
of sound, sonic velocity or acoustic velocity. The fluid near the piston will have a 
slightly increased pressure and will be slightly more dense, than the fluid away 
from the piston. 
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(b) 

Fig* 17*1 Dt^&m iUmtrtsiif^ sonk velocity (a) Stationdty observer, (b) Observer tr^Uir^ 

with the wave front 


To simplify the anatysiS} let the observer be assumed to travel with the wave 
front to the right with the veloc ity c* Fluid flows steadily from right to left and as 
it passes tiiiough the wave front, the veloc ity i s reduced from c to c-d V, At the 


it passes tiiiough the wave front, the veloc ity i s reduced from c to c-d V, At thfl 
same time, the pressure rises from p top + dp and the density from p to p dp. 
The continuity equation for the control volume gives 


Pj4c = (p -t- dp) A{c — d V) 
pc =pc -p dV-H cdp-dp ■ dV 

Neglecting the product dp * dV, both being very small 

p d V = cdp 

The momentum equation for the control volume gives 

[p - (p 4^ dp)] j 4 = w [(c - dV) - c] 

— 6pA= pAc (c - dV - c) 

dp = p cd V 

From Eqs (17.1) and (17.2) 


(17*1) 


(17.2) 


dp 


c 


cdp 


c 


dp 


Since the variations in pressure and temperature are negligibly small and the 
change of state is so fast as to be essentially adiabatic, and in the absence of any 
internal friction or viscosity, the process is reversible and isentropic. Hence, the 
sonic velocity is given by 



<17J) 



No fluid is truly incompressible^ although liquids show little change in density. 
The velocity of sound in common liquids is of the order of 1650 m/s. 


17.1.1 



an 




For an ideal gas, in an isentropic process 


or 


pv 

P 


I 

P 


^ = constant 


T 


constant 


By logarithmic differentiation (i.e., first taking logarithm and then differentiating) 


P 


r 


dp 

P 

dp 


0 


r 


p 

P 


Since 


c 


2 


dp 


and p - p RT 


c 


2 



or 


c 


■JyRT 



where R = characteristic gas constant 

Universal gas constant 



The lower the molecular weight of the 



and higher the value of y. 



higher is the sonic velocity at the same temperature, c is a thermodynamic 
property of the fluid. 


17.1.2 Mach Number 


The Mach number, M, is defmed as the ratio of the actual velocity V to the sonic 
velocity c. 





WhenM> 1, the flow is supersonic, when A/< 1, the flow is subsonic, and w' 



M~ I, the flow is sonic. 


17.2 Stagnation Properties 

The isentropic stagnation state is defmed as the state a fluid in motion would 
reach if it were brought to rest iscntropical ly in a steady-flow, adiabatic, zero 

'r -! ■. iT -htli- h ^ -nhui- - 
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work output device. This is the reference state in a compressible fluid flow and is 
commonly designated with the subscript zero. The stagnation enthalpy 


(Fig. 17*2) is related to the enthalpy and velocity of the moving fluid by 


h 




v; 

2 


(17.5) 


/lo 








4^ 
















9 


■S' 




For an 


Hg. 17^ Sltsgnation stdU 

, h - h{T) and Cp is constant. Therefore 
h^-h = cAT^-T) 


From Eq. (17,5) and (17.6) 


cJT. - T) 


V 


(17.6) 


Jk 

T 


1 + 


2c.T 


The properties without any subscript denote static properties 


Since 




y 


Ik 

T 


1 + 


v'(y-i) 


lyRT 


Using Eq. (17*4) and the Mach number 


Ik 

T 


1 + 


2 


A/2 


(17.7) 


The stagnation pressure is related to the Mach number and static pressure in 
the case of an ideal by the following equation 


Po 

P 




T/{Y-l) 


1 + 


2 


M 




(17. 
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or 


dV 


<0 


As pressure decreases, velocity increases, and vice versa 

The continuity equation gives 


w 


pAV 


By logarithmic differentiation 


dp ^ ^ dV 

p ^ A ^ \ 


0 


Id 

A 


dV 

V 


P 


Substituting from Eq, (! 7 JI) 


or 


Also 


d^ 

A 

AA 

A 

A 


d£L 

pv^ 

dp 


pV- 


P 


dp 


pV 


V 


dp 

dp 


2 (1-A/O 




V 


(17.12) 


(17.13) 


(17.14) 


WhenAf < 1, i.e., the inlet velocity is subsonic, as flow areavl decreases, the 
pressure decreases and velocity increases, and when flow area A increases, 
pressure increases and velocity decreases. So for subsonic flow, a convergent 
passage becomes a nozzle (Fig. 17.4a) and a divergent passage becomes a 
diffuser (Fig. 17.4b) 


When M > I, i.e., when 


inlet velocity is supersonic, as now area A 


decreases, pressure increases and velocity decreases, and as flow area A 


M<1 

T—I ■ 

Subsonic 



Subsonic 


(a) Nozzle 


M<1 

Supersonic 



Supersonic 


(c) Diffijser 


(d) Noa^te 


Hg* 17*4 Arm tkangw in suBsonic and jir/irrrpnzr /tow ai initt to duet 


, ! 


■T i-ihtli h 






Bask 





increases, pressure decreases and velocity increases. So for supersonic flow, a 
convergent passage is a diffuser (Fig. 17.4c) and a divergent passage is a nozzle 

(Fig. 17.4d). 

17*4 Criticai Properties-Chokiiig in Isentroplc Flow 


Let us consider the mass rate of flow of an ideal gas through a nozzle. The flow is 
isentropic 

w = p A V 






1 





So, the discharge w/A is maximum when M- L 
Since V = cM = JyRT . M, by lo^rithmic differentiation 





L4/0.4 




For diatomic gases* like air, y= L4 






The critical pressure ratio for air is 0.528. 

For superheated steam, y= 1.3 and p*ip^ is 0.546. 


For air, 


r 


z 


0.833 




and 


£1 

Po 






/t! 


0,634 


V 


By substituting M = 1 in equation (17.15) 



Dividing Eq. {17.21) by Eq. (17.15) 


(17,21) 







(Y + 1V2(Y-11 




The area ratio • is the ratio of the area at the point where the Mach number 
is M to the throat area .4*. Figure 17.5 shows a plot of >4/4* vs. Af, which shows 
that a subsonic nozzle is converging and a supersonic nozzle is diverging. 



17 , 4,1 





Since the Mach number M is not proportional to the velocity alone and it tends 

towards infmity at high speeds, one more dimensionless parameter M* is often 

used, which is defined as 



(17,23) 
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where 






For the adiabatic flow of an ideal gas 




+ CpT= constant = Aq = CpTJj 



On simplification 



When 

M< L 

M* < 1 

When 

A/ > L 

Af* > 1 

When 

A/=U 

M* = l 

When 


M* = i} 

When 


iw = . 



(17.24) 


17.4.2 







Let us first consider a convergent nozzle as shown in Fig, 17.6, which also shows 
the pressure ratio p/p^ along the length of the nozzle. The inlet condition of the 
fluid is the stagnation state at Tq, which is assumed to be constant The 



rL-chtiini^ 
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Fig. 17* i I fanm iini m k-s diagram 


Let us next consider the locus of states which are defined by the continuity Eq. 
(17.25), th c momentum Eq. (17.26) and the Eq. of state (17.29). The impulse 
function in Ibis case becomes 

F=pA + pAV^ 

or the impulse pressure / is given by 


/ 


F 

A 


p + pV 




P 


(17.31) 


Given the values for/and G, the equation relatesp and p. The line representing 
the locus of states with the same impulse pressure and mass velocity is called the 
Rayleigh line. The end states of the normal shock must lie on the Rayleigh line, 


since /. 


L ,and G 


G,. 


The Rayleigh line nmy ai so be drawn on the h’S plot. The properties upstream 
of the shock are all known. The downstream properties are to be known. Let a 
particular value of Yy be chosen. Then py may be computed from the continuity 


equation (17.25) and Py from the momentum equation (17.26), and Sy from 
equation (17.29b) may be found By repeating the calculations for various values 
of Fy, the locus of possible states reachable from^ say, stale jt may be plotted, and 


of Fy, the locus of possible states reachable from, say, stale jt may be plotted, and 
this is the Rayleight line (Fig. 17.12). 

Since the normal shock must satisfy Eqs (17.25), (17.26), (17,27), and {17.29) 
simultaneously, the end states jc mdy of the shock must lie at the intersections of 
the Fanno line and the Rayleight line for the same G (Fig. 17.12). 

The Rayleigh line is also a model for flow in a constant area duct with heal 
transfer, but without friction. 

For an infinitesimal process in the neighbgouihood of the point of maximum 
entropy (point a) on the Fanno line, from the energy equation 

dh + VdV = 0 (17.32) 

and from the continuity equation 

pdV + Vd/) = 0 (17,33) 

From the thermodynamic relation 

7<fr = dh - vdp 


(17,33) 
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Fanno One 


Raylejgh line 


Fig, 17,12 End stotfs of a normal shock m h-s 



or 


d/r 


P 


By combining Eqs (17.32), (17.33), (17.34) 


P 


^ V 


Vdp 

P 


0 


dp 




or V 


k: 

3pi 


, since the flow is isentropic 


{17J4) 


This is the local sound velocity. 

So the Mach number is unity at point a. Similarly, it can be shown that at point 
b on the Rayleigh line, = L It may also be shown that the upper branches of the 
Fanno and Rayleight lines represent subsonic speeds (M< 1) and the lower 
branches represent supersonic speeds (M> 1). 

The normal shock always involves a change from supersonic to subsonic speed 

with a consequent pressure rise, and never the reverse. By the second law, entropy 

always increases during irreversible adiabatic Ci?ange, 


17,5,1 


The energy equation for an i 


gas across the shock becomes 


It 2 


Now 


h 


Ox 


Substituting 


c. 


y; 


c^Z 


^Oy “ ^Ox 


Z 


Oy 


Z 


yR 


r 


, C 


/if 71 , and c 


CilU' 


:Jl\f 
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Then 




(17.42) 


The ratio of the stagnation pressures is a measure of the irreversibility of the 

shock process. Now 


fsL = Esl.Ei-.M. 

A* />, Px Pcx 
and 


¥ 

* * 



P 


oy 




< - 


Z+J 

2 


M 


2 


1 + 


JLii 

2 


M 


1 






7 + 1 


M 


2 


z 


1 


7+lJ 




(17.43) 



For different values of and for 7 = 1 .4, the values of pP/Pn* 

Poy/Pox* Poy^Pji Computed from Eqs (17J9), (17,40), (17,42), (17,43), and 
(17,44) respectively, are given in Table D.2 in the appendix. 

To evaluate the entropy change across the shock, for an ideal gas 








since 



(17.45) 


The strength of a shock wavc,P, is defmed as the ratio of the pressure increase 
to the initial pressure, uc. 



17.6 Adiabatic Flow with Friction and Diabatic Flow 

without Friction 


It was staled that the Fanno line representing the states of constant mass velocity 
and constant stagnation enthalpy also holds for adiabatic flow in a constant area 
duct with fnction. For adiabatic flow the entropy must increase in the flow direc¬ 
tion. Hence a Fanno process must follow its Fanno line to the right, as shown in 
Pig. 17.13. Since friction will tend to move the state of the fluid to the right on the 
Fanno line, the Mach number of subsonic flows increases in the downstream 
section (Fig. 17.13), and in supersonic flows friction acts to decrease the Mach 
number. Hence, fricti on tends to drive the flow to the sonic point. 

Let us consider a short duct with a given and i.e. a given Fanno I ine with 
a given subsonic exit Mach number represented by point 1 in Fig. 17.13. If some 
more length is added to the duct, the new exit Mach number will be increased due 
to friction, as represented by, say, point 2. The length of the duct may be frirther 
increased till the exit Mach number is unity. Any frulher increase in duct length is 
not possible without incurring a leduction in the mass flow rate. Hence subsonic 
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Fig, 17* 13 A Fmm Um on h-s pht 


flows can be choked by friction. There i$ a maximum flow rate that can be passed 
by a pipe with given atagnatton conditions. Choking also occm^ in supei^onic 
flow with hiction, usually in a very short length. It is thus difficult to use suet 
flows in applications. 


Diabatic flows, i.e,, flows with heating or cooling, in a constant area duct, in 


the absence of friction, can be treated by the Rayleigh process (Fig. 17.14), The 
process is revers ible, and the direc tion of entropy change is determined by the 
sign of the beat transfer. Heating a compressible ftow has the same effect as 
friction, and the Mach number goes towards unity. Therefore, there is a maximum 
heat input for a given flow rale which can be passed by the duct, which is then 
choked. Althou^ the cooling of the fluid increases the flow stagnation pressure 
with a^decrease in entropy, a nonmechanical pump is not feasible by cooling a 
compressible flow, because of the predominating effect of friction. 
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Subsonic 
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Fig:. 17. t i A R^kigh line ^ h-s plot 


Solved examples 


Example 17,1 A stream of air flows in a duct of 100 mm diameter at a rate of 


1 



s. The stagnation temperature is 37“C. At one section of the duct the static 


'r ' rr- ^-I'tl; ^ ^ -.ww- 


1.111 


i - 


0.996 

li " 


■ 0.89644 


. FzlF* . 

3.46 

Fx 

FJF* ' 

‘ 1,0284 

Pl‘ 

X 

1 

IJ 

U8 = 0.26 


= 1,11 lx 310 “ 344.^ 


3,364 


0.26 MPa 


7\3^C 


Ans. 


Impulse function at inlet 


2 


~Pi^i ^ Pi-^i ^ 1 


r 


PjAi 1 + 


1 


\ 


V 


RT. 


V 


2 


1 


1 




(i + yM=) 

= 0.18x 10^x0.11{t + 1.4x0,76^) 

= 35.82 kN 

Internal thrust Twill be from right to left, as shown in Fig. Ex, 17.2 


T 


t 


F^-F 


I 


3.364 Fi-F 


I 


2.364 X 35.82 
84,68 kN 


External thrust is from left to right 


r. 




Po0^2 “ J ^ 

0.1 X10^ (0.44-0.11) 


33 kN 


Net thrust 


T: 




T 




84M-^33~5lMkN 


Example 17 J 


an exit area 


Ans. (c) 

a throat area 500 and 



360 K and a stagnation pressure of 1 MPa, Detenmine the maximum flow rate of 
air that the no 2 zle can pass, and the static pressure, static temperature, Mach 
number, and velocity at the exit from the nozzle, if (a) the divergent section acts 
as a nozzle, and (b) the divergent section acts as a diftuser. 

Solution 



From the isentropic flow tables, when A 2 IA* = 2 there are two values of the 
Mach number, one for supersonic flow when the divergent section acts as a 
nozzle, and the other for subsonic flow when the divergent section acts as a 
difluser, which are = 2,197, 0.308 (Fig, Ex. 17.3). 
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Toi 360K 
To^ = 1 MPa 
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Fig. Ex. 17^ 
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^2 = 


C^) 


mm 


(a) When M 


2.197, 


Mass flow rate 


For air 


(b) When 


Pi 

Po 


T 


Cl 


w 


e1 

Po 


p* 


Pi 

T. 


0.0939, 


Ti 

r„ 


0.50S9 


p, = 0.0939 X 1000 = 93.9 kPa 


0.5089 X 360= 183.2 K 


•Jy^ = 

271.2 m/s 


20.045 V 183.2 


V, = 271.2x2.197 = 596 m/s 


A* p* V* = p.,Ai K 


p,A. V 


0.52B and 


11 

L 


0.833 




RT* 


0.528X1000 


Arts. 


0.287 X 0.833 X 360 


6.13 kg/ni 


r* = 360 X 0.833 = 300 K 


V* = JyW 


20.045 V300 


347.2 m/s 


-6 


w = (500x 10-") X 6.13x 347.2 


1.065 kg/s 


A ns 


iV/ = 0.308, 


El 

Po 


0.936, 


L 

Tr 


0.9812 


0.936 X 1000 = 936 kPa 
0.9812 X 360 = 353.2 K 


YRT^ 


20.045 


376.8 m/s 


V^ = 376.8x0.308 = 116 m/s 


w = [ .065 kg/s 




Uri^ebcrrechtlich ge5chuts:/u?= M/storbl 
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Example 17*4 When a Pitot tube is immersed in a supersonic stream, a curved 


shock wave is formed ahead of the Pitot tube mouth. Since the radius of the 
curvature of the shock is large, the shock may be assumed to be a normal shock. 
After the normal shock, the fluid stream decelerates isentropically to the total 
pressureat the entrance to the Pitot tube. 


A Pitot tube traveling in a supersonic wind-tunnel gives values of 16 kPa and 
70 kPa for the static pressure upstream of the shock and the pressure at the mouth 
of the tube respectively. Estimate the Mach number of the tunnel. If the stagnation 
temperature is 300*C, calculate the static temperature and the total (stagnation) 
pressure upstream and downstream of the tube. 


Solution 



reference to the Fig. Ex. 17.4 
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Ptfi 
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oy 


70 kPa 


70 

16 


4J75 


From the gas tables for normal shock 



Fig* Ex. 17*4 
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A-f Aj A^ 25 

^ X 1.183 = 1.582 

A* Ay A* 18.75 


When A^/A * = 1 *5S2, ftom the tsentropic flow tables, Af^ = 0.402 


= 0.895 

P«y 

P2 = 0.895 X 165.3 = 147.94 IcPa 

Loss in stagnation pressure occurs only across the shock 

Pon-/^oy^ 210- 165 J = 44.7 kPa 
Entropy increase, Sy - Sj^ 





0.287 In 


210 

165.3 


0.287 X 0.239 


0,0686 kJ/kg K 



Arts. 

A ns. 


A ns. 



17.1 What is a compressible fluid? 

17.2 What arc the basic laws incompressible flow? 

17.3 How is sonic ve locity defined In terms of pressure and density of the flu i d? 

17.4 Show that the sonic velocity in an ideal gas depends on the temperature and the 

nature of the gas. 

17.5 What is Mach number? 

17.6 What is a stagnation state? What do you mean by stagnation properties? 

17.7 What are a nozzle and a diffuser? 

17.8 Explain the effect of area change in subsonic and supersonic flows. 

17.9 What do you understand by choking in nozzle flovrs? 

17.10 Show that the discharge through a nozzle is maximum when there is a sonic 

condition at its throat. 

17, L L What do you understand by critical pressure ratio? What is its value for air? 

17.12 Explain the effect of area ratio as a hmetion of Mach number in an isentropic 

nozzle? 

17.13 WhatisjVf*? 

17.14 What is a shock? Where docs it occur in a nozzle? 

17.15 What is the impulse function? 

17.16 What is a Farnio line? Why do (he end states of a normal shock lie on the Fanno 

line? 

17.17 What is a Hay Lcigli line? Why do the end states of a normal shock also lie on the 

Rayleigh line? 

17.18 Where does the Local sound velocity occur on the Fanno line and on the Rayleigh 

line? 

17.19 How is the strength of a shock defined? 
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L 7.20 Explain the occurretice of choking for adiabatic flow with fnccion and fordiabatic 

flow w'ithout friction. 

Problems 





Air in a reservoir has a temperature of 27®C and a pressure of 0.8 MPa. The air is 
allowed to escape through a channel at a rale of 2,5 kg/s. Assuming that the air 
velocity in the reservoir is negligible and that the flow through the channel is 
iscntropic, find the Mach number, the velocity, and the area at a section in the 
channel where the static pressure is 0.6 MPa. 

A supersonic wind tunnel nozzle is to be designed for M = 2, w^ith a throat section, 


0.11 m" in area. The supply pressure and temperature at the nozzle inlet, where 
the velocity is negligible, are 70 kPa and 37°C respectively. Compute the mass 
flow rate, the exit area* and the fluid properties at the throat and exit. Take 


r= IA 

An ideal gas flows into a convergent nozzle at a pressure of 0.565 MPa, a 
temperature of 280^^0, and negligible velocity. Afler reversible adiabatic 
expansion in the noizzle the gas flows directly into a large vessel. The gas in the 
vessel may be maintained at any specified state while the nozzle supply state is 
held constant. The exit area of the nozzle is 500 For this gas y- 1.3 and 
- 1.172 kJ/kg K. Determine (a) the pressure of the gas leaving the nozzle when 

its temperature is 225“C, and (b) the gas mass flow rale when the pressure in the 
vessel is 0.21 MPa, 


0,36 MPa, 0,48 kg/s 

17.4 Air flows adiabaiicalLy through a pipe with a constant area. At point 1, the 

stagnation pressure is 0.35 MPa and the Mach number is 0.4. Further 

downstream the stagnation pressure is found to be 0.25 MPa. What is Ihe Mach 
number at the second point for subsonic flow? 

17.5 The intake duct to an axial flow air compressor has a diameter of 0.3 m and 

compresses air at 10 kg/s. The static pressure inside the duct is 67 k?a and the 
stagnation icmpcraiurc is 40°C. Calculate the Mach number in the duet. 

A ns. 0.526 

17.6 Show that for an ideal gas the fractional change in pressure across a small 

pressure pulse is given by 


P 





and that the fractional change in absolute temperature is given by 


r 


ir- 1 ) 


dV 


c 


17.7 An airplane flies at on altitude of 13,000 m (temperature - S3®C, pressure 18,5 

kPa) with a speed of 180 m/s. Neglecting frictional effects, calculate (a) the 
critical velocity of the air retalivc to the aircrafr, and (b) the maximum possible 
velocity of the air relative to the aircrafr. 
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18,1 Basic Concepts 

Energy balances by first law have been made in a variety of physical situations, 
say, in a feedwater heater or a cooling coiL However, no indication has been 

given regarding the size of the heat exchanger for heating or cooling of a fluid. If 

we consider a steel block heated in a furnace* to be allowed to cool in room air, 
we can estimate the amount of heat lost by the block in cooling by energy balance* 
But how long the cooling process will take place cannot be answered by 
thermodynamics* It is the science of heat transfer which is concerned with the 
estimation of the rate at which heat is transferred* the duration of heating or 
cooling for a certain heat duty and the surface area required to aceompUsh that 
heat duty. 

There arc three modes in which heal may be transferred: (a) conduction, 
(b) convection and (c) radiation. 

Conduction refers to the transfer of heat between two bodies or two parts of the 
same body through molecules which are more or less stationary. In liquids and 
gases conduction results from the transport of energy by molecular motion near 
the wall and in solids it takes place by a combination of lattice vibration and 
electron transport. In general, good electrical conductors are also good thermal 
conductors. 

Convection heat transfer occurs because of the motion of a fluid past a heated 

surface-the faster the motion, the greater the heat transfer. The convection heal 
transfer is usually assumed to be proportional to the surface area in contact with 
the fluid and the difference in temperature of the surface and fluid. Thus* 

Q-hAlT^-T,] 

where h is called the convection heat transfer coefficient, which is a strong 
function of both fluid properties and fluid velocity (W/m^K)* 



1 

1 



1 ! 

1 

|i 

1 

1 
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Radiation heat transfer is the result of ctectromagnetic radiation emitted by a 
surface because of the temperature of the surface. This differs from other forms of 
electromagnetic radiation such as radio, tel evi si on, Jf-ray s and /-rays which arc 
not related to temperature. 


18*2 Conductloa Heat Transfer 


Fourier's law of heat conduction states that the rate of heat flux is linearly 
proportional to the temperature gradient. For one dimensional or unidirectional 
heat conduction, 



2 


where q is the rate of heat fl ux in W/m 
dZ/tk is the temperature gradient in 
x-direction, and K is the constant of 
proportionality which is a property of 
the material through which heat is 
being conducted and is known as 

thermal conductivity, q is a vector 
quantity. The negative sign is being 
used because heal flows from a high to 
a low temperature region and the s lope 
dz/dbr is negative. 





■ 



Fig> 18.1 Heat conduction through a wuR 


For a finite temperature difference - t^) across a wall of thickness jc 

(Fig. 18.1) 

q= ^ JC= a: W/m" 

X X 

\fA is the surface area normal to heat flow, then the rate of heat transfer 

Q =q A=-KA 

X 

or Q^KA Watts (18.2) 

JC 

The dimension of thermal conductivity is W/mlL Since 6if^ = qfK for the same 
q, if jT is low (i.e., for an insulator), 6tf6x will be large, t.e,, there will be a large 
temperature difference across the wall, and if is high (i.c., for a conductor), 
dt/dU: will be small, or there will be a small temperature difference across the 
wall. 
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IS^^l Resistance Conc^t 

Heat flow has an analogy in the flow of electricity. Ohm's law states that the 
current / flowing through a wine (Fig. 18.2) is proportional to the potential 

difFerencef, or 


7 


E 

R 


where \/R is the constant of proportioitality, and R is known as the resistance of 
the wire, which is a property of the material. Since the temperature difference and 
heat flux in conduction are similar to the potential difference and electric current 

respectively, the heat conduction rate through the wall may be written as 




/? 





E 


] 


Fig* 18*2 Electrical resisiance coTtcept 



where R = x/KA is the thermal resistance to heat flow offered by the wall 

(Fig. 183), For a composite wall, as shown in Fig. 13.4, there are two resistances 
in series. The slope of the temperature profile depends on the thermal conductivity 

of the material, fj is the interface temperature. The total thermal resistance 


R = R^+R2 = 



and the rate of heat flow 




Fig. 183 Thermal rccisUaicc o^ered Fig* 18.4 Heat conduction through 

by a wail resistance in series 




h tl i:“ h 
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from which can be evaluated. 


For two resistances in paratict (Fig. 18.5), the total resistance R is given by 


where 



and the rate of heat flow 



■wvWW^ 



0 ^ Rz 


Fig. 18.5 Heat conduction through raistana in parallel 


18*2^ Heat Conduction through a (^linder 

Let us assume that the inside and outside surfaces of the cylinder (Fig, 18,6) are 

maintained at temperatures and tj respectively, and is greater than tj. We will 
also assume that heat is flowing, under steady state, only in the radiat direction, 
and there is no heat conduction along the length or the periphery of the cylinder. 
The rate of heat transfer through the thin cylinder of thickness dr is given by 

Q—KA^ 

dr 


= -K2 nrL 



where L is the length of the cylinder. 





Q dr 
2 ;r^:£ r 






2nKL 
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O n r ra 

->-/' 

Fig. l£L6 Heat^conduciion through a cylindricai wail 



where ^ 


l.m. 


log-mean area 


A 


2 


A 


I 


In 


A 


1 


A 


I 


and = wall thickness of the cylinder 


r 


2 


r 


I 


Here the thermal resistance offered by the cylinder wall to radial heat conduction 


IS 


From Eq, (18,3) 
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Fig. 18<6 Heat conduction tkTough a sphtre 


where is the spherical surface at radrus r normal to heat flow. 


m 


Q 



dr 


or 


where 


gm 


andjr 


S=t2 



dr 





Q 


dr 


r-fi 



r 


2 


U-t 


i 


Q 


f 


AnK 


1 


1 




r 




Q 


AKK{t^ 




'i-'i 


Q 


KA 


t 


2 


t 


1 


B.m 


X 


W 


geometrical mean area 




2 


Airr^ Tj 



TTr^ATTri 


1 


W 


wall thickness of the sphere 


r^-rj 


( 18 J) 


Here the thermal resistance offered by the wall to heat conduction is 


R 


X 


W 


KA 




Thus similar expressions of thermal resistance hold good for flat plate, 
cylinder, and sphere, which are 


R 


X 


plate 




KA 




X 


cylinder 


w 


KA 


and 


l.Hlr 


if 


X 


w 


spherr 


KA 


g.m. 


where is the thermal conductivity of the wall material. 






t 
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h 


-A 


Fig* lELtl Cooling of a solid hy convection 


Therefore, 

Heat lost by the solid by convection = Decrease in internal energy of the solid 


hA{i-0 



(18.13) 


where t is the temperature of the solid, t„ is the stream temperature of the ambient 
atmosphere, A is the surface area of the solid, p is the density, c is the specific 
heat, V is the volume and r is the time. 

If the solid is initially at we have, 

t = at r = 0 

Integration of Hq. (18.13) gives 



_ p-tti A type V 


(18.14) 


If we use dimensionless numbers, viz., Biot number (Bi) and Fourier number 
(FC?) defined as: 


j.. hi , OfT 

Bi = —‘ and FO = 

K !} 

where L = characteristic length = Vi A and a = thermal diffusivtty of the solid 

= Kfpc, 

Equation (IS. 14) becomes 



(18.15) 


This lumped-capacity is applicable when the conduction resistance is small 
compared to the convection resistance* In practice, this normally applies when 



or By <0.1 


(18.16) 


Equation (18.14) can also be expressed in terms of a thermal resistance for 
convection, = \ihA^ and a thermal capacitance, C,|j = p c F, so that 





pey Ch, 
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Fig. 13,i7 (c) Horn across a cylinder 


Re^ c n 


0.4' 

-4 

0.989 

0.330 

4- 

-40 

0.911 

0.385 

40- 

-4000 

0.683 

0.466 

4000- 

-40000 

0.193 

0.618 

40000^ 

- 400000 

0.0266 

0.805 




For flow across a sphere, constant wall temperature: 

Gases: Nu^ = 0.37 Re^ 

Water and Oil: Nu^^[\2 + 0.53 Rel^ (18.24) 


Free comveedon 


Let a fluid at with density change to temperature T with density p. 
Then the buoyancy force> F = 

P 

Now, let p=coefficient for volume expansion 


then 

or 

V 

P « 

where 

For an ideal eas 


l = X+^(r^_7-) 
P Po 

Po = pa+P'Ar) ^ 
F = p ■ g - AT 





1 ( dv 


\ 


V 


drj 



? 


1 


^ p 


1 
T 


(A-*) 



to 



The heat transfer coefficient in free convection may be 
function of the variables as given below 

h=f{L,K,c^,p,li,gPAT) 

By dimensional analysis, the above variables may be arranged in three non 

dimensional groups 


m 
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hi 

K 




/ 


/ 




b 


V 


K 


/ 


or 

where 


Nu = fi ■ Gr* ■ Pr’’ 


Nu = Nusselt number 


Gr 


Grashof number 


hi 

K 

bBatlY 


ii 


I 


Pr = Prandti number 


JUC 


p 


K 


For a [ai^e number of experiments made on fluids it has been 
exponents a and ^ are of the same value* So the expression reduces to 



that 


Nu = ^ ■ (Gr ♦ Pr) 




(18*25) 


L is the characteristic length, which is the length in the case of a vertical plate 
and cylinder, diameter in the case of a horizontal cylinder, and radius in the case 
of a sphere. 


For Gr. Pr < lO’, the flow is laminar, and 

Nu = 0.59 (Gr. Pr) 


1/4 


(18,26) 


and for Gr* Pr > 10^, the flow is turbulent, and 


Nu = 0.13 (Gr. Pr) 


1/3 


(18,27) 


18.4 Heat Exchangers 

A heat exchanger is a device in which heat is transferred between two moving 

fluids* 

Heat exchangers may be parallel flow, counterflow or crossflow, 
upon the direction of the motion of the two fluids. If both the fluids move in the 
same direction, it is a parallel flow heat exchanger. If the fluids flow in 
opposite directions, it is a counterflow heat exchanger* If they flow normal to 
each other, it is a crossflow heat exchanger. 






.4,1 

Let us assume that the cold fluid (subscript c) is flowing through the inner tube 

and the hot fluid (subscript A) is flowing through the annulus. The hot fluid enters 
at and leaves at while the cold fluid caters at and leaves at ^^ 2 - 
consider a differential length dL of the heat exchanger, as shown in Fig. 18. J 8, 
w here the hot fluid is at and the cold fluid is und the femperature difference 

betw^een the two fluids is Af ' fc)- varies from Atj at the inlet to at the 

exit of the heat exchanger. Let be the rate of heal transfer in that differential 
length* Then by energy balance. 




i 
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iTiior 







Substituting the expression for/i^ 





where Ar 


Lnu 


log-mean temperature difference (LMTD) 






The two fluids flow in opposite directions {Fig. 1 B. 19). In the differential length, 
the rale of heat transfer 


dQ^-ihf, Ch d/h 

= Uq ' d.4Q ^ Al 

where both dr^ and are negative for positive x direction (towards the right). 
Now 

rf(Al) = rffj - rffj 

=_J£_+J£_ 

'"h«h 
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m, 


/ 


•^2 




A /Tlfi 


^ HcA fluid film {fHo) 


Cold fluid fim (fi^) 



AjOrL 


Fig. 18.1 9 Counte^^w Aeat excAat^er 


where 


or 


Again 




Ale 



d(^f) 


M - At, 


A'c 


< 1 (A/) 


M 


C 



Ale 
Alj 


d(A/) 

Ar 


In 


Afj 

Al 


Q 


dQ 


1 




d0/Xc 

1 


1 




rrtc^c 



dQ-^ 


At, - 


Al 


Q 


d0 = U. cUp At 


C/q ■ ■ A/ 


r d>io 




C 


1 





J 


* -^0 * 


Uq Aq 


At- - At^ 
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mmia 



where 


% 


» f 



At 


I 


i 


hi 


At 


^h2 ^ ^cl 


1 


I 


U.A 


0^0 


h,A, 


-{- 


X 


w 


^wAm. 


+ 


I 




and when is small, 


I 


a 


‘ +^+ * 


Q 


h 


1 


K 


w 


fh 


Q 


t/g A(^ Al 


l.in. 


Ohl ” ^h2) 






(18.29) 


For the same rate of heat transfer, and inlet and exit temperatures, 
counterflow is greater than flow. So the surface area required is 

less for counterflow operation. For parallel flow, >/^, i.e., the hot fluid cannot 

be cooled below t ^2 cannot be heated above But for 

counterflow operation, may be less than 'c2 which means that the hot fluid can 
be cooled below t ^2 heated above t^ 2 ' tli^se reasons, 

counterflow heat exchangers are much more common in practice. 

When one of the two fluids undergoes phase change (at constant temperature 
and pressure), c.g-, condensation and evaporation, Atj ^ is the same for parallel 
flow and counterflow (Fig. 18,20), and the heating surface required is also the 
same. 



h 2 


18,4.3 e-NTU Method 

In a heat exchanger, the rate of heat transfer 

Q — .W|, Cjj [^|j^ - ^1^] ” ^e|] ” ^0 A 
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ng. 1841 Rndiaiion intensity EX TJArying with X ond Z! 


where c^, c^, /h|, and Uq are usually given. Two tasks are mostly 

encountered: 

L To estimate the sudace area required 

Then either or is given. We can use the LMTD method to find 
2, For a given heat exchanger (i.e, Aq), to estimate the exit temperature 

and/-, 

^2 

We cannot find/v and t- directly by the LMTD method. We have to use trial- 


hl- C2 

and-error method. Assume l. 



Ihen Q'AfQ^ ^ Q, assume 


-w-■■ - j 

another and repeat calculations till Q, 

r-NTU method can here be easily used. We introduce three terms in this 
regard. 


(a) Heat capacity ratio, R 


(me), 


C 




c 


.(<!) 




where (mc)^ = smaller value of and 

and (me), -1 arger value of the two d* and di^Cp = 


r-« -.L- Actual heat transfer 

(b) Effectiveness, £ = —- . , , ■ ^ . 

Maximum possible heat transfer 
In a counterflow heat exchanger, e,g„ or ^ 

£ _ ^h^h(^Ki ~^hj) _ ^c^c(^cj ~^C|) „ 

^^c,) (dfc), 
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When one of the two fluids undergoes phase change* J? = 0 







1 - e 


-MTU 


For a balanced heat exchanger* m ^ C], = 



Uq Aq A^i 


NTU 
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J*Afi = A^ 
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Al 


l.m. 
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fc, % 
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t 
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Cj 'C, —»-iij -C] -Hi 'Cj 


C;) 


^0^0 (^h, “ ^ 

(^} s (^h, - th,) 
{mc\ 
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4,) + ((h 


NTU( 
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'J 


NTUf/, 
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'=, ) + 


hi 




(18.33) 





NTU + i 


(1S34) 


18^ 






All bodies radiate heat The ph^omenon is identical to the emission of light Two 

similar bodies isolated together in a vacuum radiate heat to each other* hut the 
colder body will receive more heat than the hot body 
If 2 is the total radiant energy incident upon 
it (QJ will be absorbed, some (g^) will be 
transmitted through the body. Therefore, 




some (gi) will be 


0 = fia + 0r + 


or 


Qi ^ Qr ^ 0 


t 


Q 


Q 


Q 


1 


or 


a + p+ z-\ 


where a is known as absorptivity, p as reflectivityj and r as tianmiissivity. For 




an opaque body* r = 0 and cf + p = L Most solids are 
A body which absorbs all the incident radiation is cal led 
body is also the best radiator* Most radiating surfaces are grey and have an 
emissivity factor £ less than unity, where 


£ 


Actual radiation of gray body at TK 






4 k 


Radiation of a black body at TK 


It can be shown that the emissivity or ability to radiate heat is equal to the 
absorptivity or ability to absorb heat (KirchhofTs law), which justifies the 
statement that good absorbers are also good emitters. A brightly polished surface 
will have a low absorptivity and low emissivity. 


T -iitii-; 


i 1 

Ciiul 
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The rate at which energy is radiated by a black tKjdy at temperature r(K) is 


4 


given by a Stefiin-Boltzmeinn law 

Q = aAT 

where Q - rate of energy radiation* W 


2 


and 


A = surface area radiating heat* m 
<J = Stefan-Boltzmann constant = 5*67 x 10“® W/m^ 


If the radiation from a heated body is dispersed into a spectrum by a prism, it is 


found that the radiant energy is distributed among various wave 



. The iotai 


emissive power oT a body, £, is defined as the total energy emitted by die body at 
a certain temperature per unit lime and per unit surface area at all wave-lengths* 
The monochromatic emissive power ^ is defined as the radiant energy emitted 
by a body per unit time and per unit surface area at a particular wavelength and 
temperature* The variation ofE^ and A and Fis shown in Fig. 18*21, At a certaij 
temperature, 


E 






(18.35) 


G 


Area under the curve at that temperature. 


Thermal radiation extends over a spectral range of wavelengths from 0.1 /im to 
100 /tm and the spectral energy distribution ofa black body is given by Planck's 

law; 


E 


C, A' 


-5 


KB 


€ 


Cj/3LT 


1 


(18*36) 


where A = wavelength, pm ; T - temperature, K\ 


C 


3.743 X 10® W. (/iin)^/m^ C, = 1,4387 x lO^m-K. 


1 


Exb is called the monochromatic emissive power of a black body* The 


emissivify of a surface is then: 


£ 


E 


E 


(18*37) 


8 


where £q is the total emissive power of a black 



* A gray body has the 


monochromatic emissivity^ constant over all wavelengths. 




E 


X 


E 


constant for a gray body 


(18,38) 




Real surfaces are not gray and have a jagged emissive power distribution as 

shown in Fig. 18*22* 

The actual radiant energy transfer between two bodies depends upon the 
(i) two surface temperatures, (ii) the surface emissivities, and (iti) the geometric 
orientation of the surfaces, i*c.* how they view each other, A radiation shape 
factor F ^2 {or view factor) is defined as the fraction of energy leaving surface 1 


iT :-lhtli- h 
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WaveTengUi A, pm 



and reaching snrihce 2. Similarly, is the hmction of energy leaving 2 and 
reaching 1. It can be shown that 

/ 11^12 = ^ 2^21 ( 18 - 39 ) 

which is known as the reciprocity theorem . 

The total emissive power of a black body is given by: 



which is the Stefan-Boltzmann law, as stated wlier. 


Charts of F ^2 three geometries are shown in Figs 18.23, 1S,24 and 1S.25. 
In estimating radiant heat transfer from gray surfaces, two terms will be 




The energy balance for the gray body (Fig. 18,26) assumed to be opaque 
(r= 0) gives: 





J ^ eE^ + pG = eE^ + (1 - £)G 

G={J- eEM 1 - f] 
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OJ D,15 0.2 0.5 1.0 1.5 2 0 5 10 20 


Ration XfD 

Fig- 18*23 Radialion shape faeto r far radiation be tween pa rallel rectangles 


07 



Ratio ZfX 


Fig. 18JJ4 


Radiation shape facto r for radia tian 
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Fig. 1&27 Surface resistanse in radiaiion network 


Let U5 now consider the exchange of radiant energy by two surfaces A ^ and A ^ 
(Fig. 18.28). Of the total radiation which leaves the surface 1, the amount that 
reaches surface 2 is 7] F] 2 i and of the total energy leaving surface 2, the 
amount that reaches surface 1 is J 2 A 2 



Figi 1&2S Eadialion interaction between two gray saifacet 


The net energy interchange between two surface is: 


Qi-2 ^2} ^2 

J 


{J\ - 72 M 1 Fi2 


1 


/ 


2 


1 /(^ 1 /^ 2 } 



The denominator I ({A [ F 12 ) is called the “space resistance" and the numerator 
(Ji -J-^ is the potential difference, as shown in Fig. 18.29. 


o---VWVW^-- o 

Ai^ 

Fig. 18J19 Spa£e rcsistanct in radiation network 

Figure 18,30 shows a network which represents two surfaces exchanging 
radiative energy w Ith each other. 



Fig. 18 JO Radiaiion network for two gjay surfaces 
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Rate of heat transfer by radiation 

Qi ” 7'f) = ^r^jOw” ^f) 

where is known as the radiation heat transfer coefficient* 

K = Ji-2 {Tl + r^) {18.48) 

A Total rate of heat transfer 

% 

e=a+ft=(A.+^ iC'^ - 'f) (18.49) 

Solved Examples 


Example 18.1 A cold storage room has walls made of 0.23 m of brick on the 
outside, 0.08 m of plastic foam, and finally U cm of wood on the inside. The 
outside and inside a ir temperatures are 22*^0 and - 2®C respectively. If the inside 
and outside heat transfer coefficients are respectively 19 and 12 wW K, and the 


thermal conductivities of brick, foam, and wood are 0.98,0.02, and 0.17 W/mK 
respectively, determine (a) the rate of heat removed by refrigeration if the total 

wall area is 90 m^, and (b) the temperature of the inside surface of the brick. 


Solution Figure Ex. 18.1 shows the wall of the cold storage 



— ^ 0,0833 -f 0.2347 + 4.0 + 0.0882 + 0.0345 
U 

= 4.4407 K/W 
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6,28 X 50 X 35 


0.3448 + 0,7092 + 0,3448 + 0.6410 
2.334 kW 


2334 W 


Ans 


Example 18 J Three 10 mm dia. rods A , B and C protrude fh)m a steam path at 
lOO^'C toa length of0,25 m into the atmosphere at 20®C. The temperatures ofthc 
other ends are found to be 26.76**C for A, 32.00°C for B and 36.93“C for C. 
Neglecting the effects of radiatLon and assuming the surface film coefficient of 
23 W/m^K, evaluate their thermal conductivities. 

Solution If the tip loss is neglected, the tip temperature is given by 


For rod 


or, 


26.76 - 20 
100-20 


m 


cosh mi 


6.76 


80 


coshml = 11.8 

ml = 3,16 


3J6 

0.25 


cosh ml 


12.64 m 


-i 


hp 

KA 


1/2 


Here, 


P = Kd and .4 


23X7rx0.01X4 


a: x;rx 0.01x0.01 


For rod B, 


or, 


For rod Q 


or, 

or, 


K 


A 


m 


K, 


cosh ml 


K 

4 




(12.64> 


57.58 W/itiK 


12 


32-20 


100 - 20 


cosh ml = 6.67 

ml - 2.6 


cosh mi 


Ans. 


2.6 

0.25 ' 
9200 


10.4 


23x;r XO.OI X4 


^ X ;r X O.OI X 0.01 


1/1 


85.2 W/mK 


Ans. 


36,93 - 20 


100-20 


16.93 


80 


cosh ml - 4.73 

ml = 2.23 


m = 2.23/0.25 = 8.92 
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in 30 min? The peas are supposed to have an average dia. of 8 mm 
is 750 kg/m^ and specific heat 3.35 kJ/kgK.. 

Solution From Eq, (18*14) 



Here, 


In 


(b) 


(c) 


t-i 




t 


0 








A 


in 


2-1 

25“l 


24 


/-I 


25-1 


5-t 




25-c 






-{hAmp^y} 


750 X47rU/2) 
3x4ff(if/2)^ 


3 



hAt 



hr 


c 


750 ^ 

3 2 

S.BXIO'^T 

335 


750 0.008 


1 


3 


2 


5.8 X10"^ X 3600 T 


P u i i 


3.35 


T= 0.51 ft = 31 min 


(a) 


e 


-(5.8 )C 10‘> yi 10 X 60V3J 


r = 9S°C 


Ans. (b) 


e 


-(5,8 X JO^^x 30x 60K3.15 


4*rc 


.4ns* (c) 


Example 18*6 An oil cooler for a lubrication system has to cool 1000 kg/h of 
oil (Cp = 2.09 kJ/kg K) from 80®C to 40®C by using a cooling water flow of 1000 
kg/h available at 30^C. Give your choice for a parallel flow or counterflow heat 
exchangert with reasons. Estimate the surface area of the heat exchanger, if the 
overall heat transfer coefficient is 24 W/m^ K {e of water = 4.18 kJ/kg K). 


Solution Rate of heat transfer 



th2 = 40^ 


ti = 30“C 
iS4 = io^ 


Fig. Ex. 18.6 
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Example 1S.8 An oil faction at 121 to be cooled at the rate of 20.15 kg/s 
in a simple coimterflow heat exchanger using 5.04 kg/s of water initially at 1 O^C. 
The exchanger contains 200 tubes each 4.87 m long and 1.97 cm o.d., with t/o = 

0.34 kW/m^K. If the specific heat of oil is 2.094 kJ/kgK, calculate the exit 
temperature of the oil and the rate of heat transfer. 

Solution 


/tik =20.15 kg/s, = 2.094 kj/kg K, = 12PC, 
= 5.04 kg/s, c, = 4.2 kJ/kg K, = lO^C, 

{/, = 0.34 kW/m^K 

.4- = » do / “ 200 X « X 0.0197 x 4.87 = 60.28 


{me) 


oil 


(me) 


wflicr 


At 


larger 


20.15 x 2.094 = 42.19 kW/K 
5.04x4,2 = 21,09 kW/K. 


c = 

'^nun 

= 21,09 kW; C™j, = 42.19kW/K 

R- 

c - 

_ ^nun _ 

= =0.5 


c 

42.19 

NTU = 


0.34 X 60.28 

. 0 0 

=-= 0.972 


c 

^min 

21.09 

e = 

l-exp[-NTU(!-fl)] _ 0.3849 

l-i?e: 

SB r-NTU (1 - ii)] 0.6925 


0.5558 


At 


larger 


/h 


[ 


/ 


4=1 


61.69^C 


0,5558(121 - 10) 



Af 


v^'nter 


X (/rte) 


woler 




30.84X 




I 


'h 


121 -^30.84 = 90.16^C 
exit temperature of oil. 



“ Wh I'b, - V = 42.19 X 30.84 
= 1308 kW 


Ans. 

Arts. 


Example 18.9 Water flows inside a tube 5 cm tn diameter and 3 m long at a 
velocity 0.8 m/s. Determine the heat transfer coefficient and the rate of heat 
transfer if the mean water temperature is 50^C and the wall is isothermal at 70®C. 
For water at 60X, take K = 0.66 W/mK, v - 0.478 x 10"* m^/s, and Pr = 2.98. 

Solution Reynolds number, 

D ^ _ 0JX0.05 

^ V 0.478X10“^ 

- 83,700 

The flow is turbulent, 

Prandtl number, Pr = 2.98 
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Solution 

Referred to Fig. Ex, 18.12 

A 

A 


1 

2 


1 


I 


A, e, 


[-£ 


2 


^ 2^2 


1 


^\^\2 




E 


5 


] 


E 


D 


: 


Q 


k6 

nd 


2 


;rx 0,10-0314 m 
;rx 0.20 = 0.628 m 


I - 0.65 


0314x0,65 


1.715 


1-0.4 


0.628 X 0.4 


2.39 


I 


0314x0.4 


3,19 


1 


I 


A 


+ 


1 


^ 1^12 


+ 


1 -f 


2 




1.715 + 239 + 3.19 = 7,295 
cjrt = 5.67x 10"® X 



4 


err 


4 

2 


-& 


5.67 X 10-'^x(500) 


4 


035 X 10"^ W/m" 


-E 


I 


B 


5.32 X 10'* 


5.67 X 10^ W/m 
5.67 X I O'* 


2 


16 




7.295 


0.729 X 10 


4 


7290 W/m length 


Ans. 



Review Questions 
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18,1 How is the subject of Hc?,i Transfer different from the subject of 

Thennodynamics? 


Urheberrcchtlich geschutzles M sleria! 





















EUments of Htat Tramfer 




18.2 What aie the three basic modes ia which heat is transferred? 

18.3 Why are good electrical conductors also good thermal conductors? 

18.4 Whai is Fourier's law of heat ccmdfuction? 

How does the slope of the temperature profile in a wall depend on its thermal 

conductivity? 

18.6 Show that, for estimating radial heat conduction through a cy 1 indrical wal 1, the 

log-mean area of the inner and outer surfaces h # to be considered. 

18.7 Show that for estimating radial heat conduction through a spherical wall, the 

eometric rnean of the inner and outer surfaces should be considered. 

18.8 How do fins affect the heat transfer rate? 

18.9 How is fin efficiency defined? 

18.10 What is meant by transient heat conduction? 

18.11 What is lumped-capacity analysis? 

18.12 What are Biot number and Fourier number? What is their physical significance? 

18.13 What do you understand by natural convection and forced convection? 

18.14 Hois heat transfer coe fUcient defined. What is its dimension? 

IS. 1S What are the three resistances offered to heat transfer from one fluid to another 

through a clean wall? 

18.16 What is Raynolds number? What is its critical value when the flow through a 

tube becomes turbulent? 

18.17 What are Prandtl number and Nusselt number? 

18.18 For fully developed laminar flow in a tube, what are the values of Nusselt 

number (a) for constant wall temperature, (b) for constant wall heat flux? 

.19 What are the expressions of Nusselt number for (a) laminar flow and (b) 
turbulent flow, over a flat plate? 

18.20 What is Dittos-Boclter equation? Where is it used? 

18.21 What IS Grashof number? When does it become significant? 



18.22 



IS a 




18.23 Why are counterflow heat exchangers superior to parallel flow heat exchangers? 

,24 What is log-mean temperature difference? 

18.25 Why do the directions of flows of the two fluids in a heat exchanger become 

immaterial when one of (he two fluids undergoes phase change? 

18.26 When is s-NTU method convenient to use in beat exchanger analysis? 

18.27 Define (a) effectiveness, (b) heat capacity ratio and (c) NTU, in regard to a heat 

exchanger. 

18.28 Derive the expression for effectiveness in a (a) parallel flow heat exchanger, 

(b) counter-flow heat exchanger. 

18.29 What is the expression for effectiveness when one of the fluids undergoes phase 



18.30 Find the expression for effectiveness of a balanced heat exchanger with equal 

heat capacities. 

18.31 Define absoq|>tJvity, reflectivity and transmissivity. 

18.32 What is emissivity? What is KirchhofTs law'? 

18 J3 What is a black body? 

18.34 What is the Stefan-Boltzmann law? 

18.35 What is the view factor? Why is it significant in radiant heal exchange between 


two bodies? 


18,36 What is the reciprocity theorem? 


y 
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18.37 Whai 15 a gray body? 

18.38 What are oicant by (a) monochromatic emissive power^ (b) total emissive power? 
1839 What is Planck's law of thermal radiation? Explain its importance. 

18.40 Defiiic radiosity and irradiation for a gray body. 

18.41 Explain (aj surface resistance and (b) space resistance in radiant energy change 

between two gray bodies. 

18.42 Give ihe radiation network for two gray surfaces and derive the view factor. 

18.43 What do you mean by '‘floating node”? 

18.44 



radiation? 


Problems 


18.1 A room has a brick wall 25 cm in thickness. The inside air is at 25°C and the 

outside air is at - IS^C. The heat transfer coefficients on the inside and outside 
are 8.72 and 28 W/m K respectively. The thermal conductivity of brick is 
0.7 W/mK. Find the rate of heat ttartsfer through the wall and the inside surface 
temperature. 

18.2 For the wall in the above problertij it is proposed to reduce the heat transfer by 

fixing an insulating board {K 0.05 W/mK), 2.5 cm in thickness* to the inside 
surface. Find the rate of heat transfer and the inside surface temperature. 

183 Sheeisofbmssandsteekeacb 1 cm thick* are placed in contact The outer surface 

of brass is kept at lOOX and the outer surface of steel is kept at O^C. What is the 
temperature of the coirunon interface? The thermal conductivities of brass and 



steel are in the ratio 2:1. 


Ans. 66.7“C 


18.4 In a pipe carrying steant the outside surface (15 cm OD) is at 300*C. The pipe is 

to be covered with insulation (fC = 0.07 W/mK) such that the outside surface 
lemperature does not exceed 60°C. The atmosphere is at 25“C and the heat 
transfer coefficient is 11.6 W/m^ VL Find the thickness of insulation required and 
the rate of heat loss per tn length of pipe. 

.5 The passenger compartment of a jet transport is essentially a cylindrical tube of 
diameter 3 m and length 20 m. It is lined with 3 cm of insulating material 
(K = 0.04 W/mK)* and must be maintained at 20°C for passenger comfort 
although the average outside temperature is - 30®C at its operating height What 
rate of heating is required in the compartment, neglecting the end effects? 

18.6 A hollow sphere (K = 35 W/mK)* the inner and outer diameters of which are 

28 cm and 32 cm respectively, is heated by means of a 20 ohm coil placed inside 
the sphere. Calculate the current required to keep the two surfaces at a constant 
temperature difference of 50*C, and calculate the rate of heat supply. 

18.7 (a )Dcvetop an express ion for the steady state heat trans fer rate through the wa lls 

of a spherical container of inner radius r- and outer radius The temperatures 
are and at radii and rj respectively. Assume that the thermal conductivity 
of the wall varies as 


K = Ko + (K, - Ko)^ 

“ 'c 
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initial temperature of the ball was 65°C and in 1.15 min the temperature 

decreased by ttX. Calculate the heal transfer coefficient for this case. 

37,41 W/m^K] 

18.21 A cubical piece of aluminiurn 1 cm on a side is to be heated from 5D°C to 300°C 

by a direct flame. How long should the al uminium remain in the flame, if the 
flame temperature is SOO'^C and the convective heat transfer coefficient is 

1^K5 W/m^K.? For aluminium, take p = 2719 kg/m^ and c - 0.S71 kJ/kgiC 

[Ans. 8.36 s] 

18.22 The cooling system of an electronic package has to dissipate 0.153 kW from the 

surface of an aluminium plate 100 mm x ISO mm. It is proposed to use 8 fms, 
each 150 mni long and 1 mm (hick. The temperature di ITerence between Ihe plate 
and the surroundings is 50 tC, the thermal conductivity of the plate and fins is 

0.15 kW/mK and the convective coefficient is 0.04 kW/ra^K. Calculate the height 
of fins required. 

30 cm] 

18.23 Oil (Cp = 2 kJ/kgK) is cooled from II0*C to 70*C by a flow of water in a 

count^ow heat exchanger. The water (cp = 4,1 & kJ/kgK) flows at the rate of 
2 kg/s and is heated from 35"C to 65''C. TTie overall beat transfer coefficient is 
0.37 kW/m^K. Determine the exit temperatures of oil and water, if the water flow 
rate drops to 1.5 kg/s at the same oil flow rate. 

[Ans. 72.5“C, 72.5=C] 

18.24 A tank contains 272 kg of oil which is stirred so that its temperature ts uniform. 

The oil is heated by an immersed coil of pipe 2.54 cm dia. in which steam 
condenses at 149^C. The oil of specific heat 1.675 kJ/kgK is lo be healed from 
32.2°C to 12 rC in 1 hour. Calculate the length of pipe In the coil if the surface 
coefficient is 0.653 kW/m^K. 

3.47 m] 
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The classical mechanics of Newton is quite successful in predicting the behaviour 
of large particles. But when it is applied to microscopic particles, it is found to be 
at odds with some observed phenomena. With the concept of classical mechanics, 
it is not possible to explain the experimental fact that the specific heats of a 
substance tend to zero as temperature approaches zero. These discrepancies of 
classical mechanics are resolved when the energies of the particles are assumed 
to he quantized according to the principles of quantum mechanics. 


19.1 Quantum Hyp othesis 


Till the advent of the twentieth century, it was thought that microscopic particles 
could possess any value of energy* Application of this principle to the emission of 
radiant energy from an isothermal enclosure led to predictions which were at 
variance with measurements. The theories of thermal radiation proposed by Wien^ 
Rayleigh and Jeans were found to be inadequate. The agreement of theory with 

experiment was achieved by Planck with his quantum theory of radiation in which 

he postulated that energy is emitted and absorbed by a heated enclosure in small 
quanta, called photons^ and there is a definite frequency associated with each 
quantum of energy given by 

t^ = hv (19.1) 


where h i s a uni versal constant, known as Planck "s comtant^ equal to 6 .624 X 
10™^ J-s. The energy of photon is thus proportional to its frequency. According 
to Planck’s theory, v can have only definite and discrete values* In other words, 

the energy of a photon cannot have any value between zero and infinity, hut 
discrete values like 0, £^, where n is the quantum number. 

In the atomic model, the quantum theory applies. The atom can exist in a 
number of energy states. In a gas like hydrogen, when its atom is heated, the 
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electrons jump to higher orbits, and when cooled, the electrons come down to 
lower orbits, each orbit representing a certain energy value of the atom. All the 
orbits are, however, not available to the electron. Only those orbits are allowed 
which, according to Bohr-Sommerfeld rule, satisly the action integral: 






where p is the momentum and the corresponding coordinate of the electron 


(e.g.,/7j^djr or/7^dd), and/i is an integer (1,2,3,The integration is to be done 
for one cycle of closed path. For a gas like hydrogen, the Eq. (19.2) yields: 

Iw = n h 


2 V 

mr — 



2n = n h 


mvr = Iw = 




where m is the mass of the electron, v its velocity, and r the radius of its orbit. The 
above equation states that the only possible circular orbits of the electron are 
those in which the angular momentum (/iv) of the electron is a multiple of^2jr. 


19*2 Quantum Frinciple Applied to a System of 

Particles 


Let us consider a system of particles of an ideal gas contained in a cubical box 
of side L. Let the mass of each of the identical particles be m. The particles are 
moving about with different velocities in the box and making only elastic 
collisions with the walls. Let us focus our attention on one of these particles 
moving with velocity!? having three components Vy and From Eq, (19.2), 
for thex-component motion of the particle, 



y mv^ dr = 


^ If +ril 


or 

IL = 




or 

1^* = 

h 


(19.4) 


* 2mL 

where is the quantum number in the recti on. The discrete values of are: 


n, = 1 — 2 ^ , 3 —^ and so on. 

" 2ml 2ml Iml 

The permissible values for the speed are called speed levels. For a 
macroscopic body, say a marble of mass 2g in a cubical box of side ID cm, 

h _ 6.624 X 10'^ J-s 

2mZ, 2 X 2 X 10"^kg x JO x 10"^m 

= 1.656 X 10"^'^ m/s 
which is a very small speed interval. 
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For a hydrogen atom of 3,3 x 



-24 


gin the same box, 


h 


6.624 X 10““ J-s 


2mL 


2x3.3xlO’^^kgxlO"'m 


10"* m/s 


This speed interval is relalivcly large. Hence, in the case of such a microscopic 
particle, the quantum view and the continuum view have different meanings. We 
may say that the continuum view is a special Umiting case of the more general 
quantum view. 

The kinetic energy of the particle in jc-direction. 


£. 


2 ' 


2 


m Tt 


2 


h 


1 


4mL 


2 


or 




n 


2 


h 


2 






(19.5) 


The discrete set of permissible values of is 


£ 


1 


k 


2 




2 


,4 


h 


1 


Bml 




.9- 


h 


2 


^mL 


2 



SO on 


Each of these energy values is called an energy /eve/. A particle is 
an energy level when it has one of these values. 



Similarly, iny and a directions, 




ft 


2 

y 


h 


1 


Sm/J 


2 



E^ = n 


2 


h 


2 


8 ml 


2 


where rty and are 


Therefore, the discrete values of the total 



e= + + e 


(n\ + 






In velocity space a spherical surface at a radius of velocity v is called a speed 
or veloc tty s urface representing the energy level E = m v^/2 . 



this energy level. Since the 





tips of two 



Vj^ and V 


+ j 


are spaced by a distance of hf(2mLy In the three 
dimensional space, each state occupies an exclusive volume, called a unit cell, of 
(k/2mL)^. Within a spherical 



at radius v and of thickness do. 



quantum states dg is equal to 
unit cell, or: 



dg 


1 

i 


(4;rE?^)dt? 





47tm^L^ 


3 



i/ dn 


(19.7) 
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The factor !/8 is used because oaly the positive octant of velocity space b 

concerned, without distinguishing between and — 

In tenns of energy, 

or dv= ^ 

2 

From Eq* (19-7), 





4;rmF 


[Imef^ lie 


h 


3 



where F= the volume of the box. 

Here, dg represents the number of quantum states in the energy interval from 
€to € + d€. 


4 

19^ Wave-Particle Duality 


When a collimated beam of light is projected titrough a pin-hole aperture on to a 
screen, one observes diffraction rings with the intensity distribution across the 
rings (Fig. 19.1). The diffciction phenomenon b due to the wave nature of light. 
Interference phenomena also confirm it Again, there is the Compton effect in 
which a particle of light or photon strikes an electron and changes its trajectory. 



behave both like particles {of zero rest mass) and like waves. 

When a cathode ray^ consisting of an electron beam at very low pressure, 
produced by filament heated to a very high temperature {"- 2000 K), is accelerated 
to a potential difference and passed through a very thin metal foil ('^ 0.1 iim), and 
the electrons are collected on a photographic plate, it shows diUtaction pattern 


Collimated 
light beam 



Photographic 

Plata 


rings 



Intensity of light 

(b) 


Fig. 19.1 exhibits thi wdtie nature af light 
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or 


abt^ 

dx^ 


m 

T dt^ 

1 av 


Vp 


(19.12) 


1/2 


where is the phase veloci^ equal to {77m) 
at time t at any distance x :ht»fn ihe ^xed end point 


the amplitude of vibration 


above partial ditTerential equation^ the method 




variables will be 
Let 


y =m g(t) 


where /is a function of x only and g a function of t only. Differentiating y twice 
with respect to x keeping t constant, and with respect to t keeping x constant. 



H r 

and ^ = / 

Substituting in Eq, (19.12) 




where a ^ is the separation constant* Since each side of the equation is a function 
of a single variable. 




The characteristic equation is; 

m*,+ ^p = 0 

or m^=±iaV^j 

so that the general solution is: 

g = Cj cos (aV^ 0 -K C 2 sin (aV^ /) 

Let aV^ = a? = 2jr 

where CO is the angular velocity and vihe frequency. Since Fp = vA, 



(19J4) 


(19*15) 
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and + 

SO that the wave equation becomes: 

(£-0)^=0 (19.20) 

A‘ 

This is Che time-independent Schrodinger wave equation. In general, as for 

the vibrating string, the wave function ^ is dependant upon position as well as 
time, and may even be a complex function having real and imaginary parts. 
Consequently, there is a corresponding general time-dependanl Schrodinger 
wave-equation, but for stationary states of the system (standing waves), the case 
of interest to us here, we need consider only this form of equation (Eq. (19-20))- 







The quantum mechanics developed by Edwin Schrodinger differs from Newton's 
classical mechanics tn its aim as well as its method. Instead of attempting to find 
equations which give the exact positions and velocities of particles, Schrodinger 

devised a method of calculating a function of time and position from which the 

most probable positions and velocities of particles could be derived. 

Schrodinger postulated a particular second-order differential equation for 
wave functions Y the coordinates of a system and time. The square of 
absolute value of a given wave function, |^|, is interpreted as a probability 
distribution function. Solutions of the Schrodinger equation give a series of 
allowed energy levels for many of the systems considered. 

A fundamental postulate of quantum mechanics is that the quantity yY* ^ 
dz is the probability that the particle represented by the wave function z, 0 

is in the elemental volume dt dy dz at the time l, and y 
of Y' Thus, is the probability density for the partiqle- 

Since the particle must be somewhere in space, it is necessary that the 
probability density satisfy the normalization condition: 





YY* dx dy dr = J 


Bc — i±. — eje, 



19<9 Particle in a Box 


Let us assume a monatomic ideal gas confined in a box of dimensions n, h and c, 
such that: 

0<x<fl, 0<y<Aand 0<z <c- 

Molecules have only translational kinetic energy. For simplification, let us 
consider that the particles move only in lhejc*directioa. The Schrodinger equation 

applied to a single particle gives 


1 




dx 


2 


h 


2 


0 


(19.22) 
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Therefore, 








Ox^oy, nz 


2 


c 


}f2 


Sin 




z 

c 


V2 




abc 


iin “ j ^riyK 


y 

b 


sin I n^K 


z 

c 


(19.32) 


From Eqs (19.27,19.28 and 19,29), 


h 


2 


8m 


If <2 = ^ = c = L, then 


n 


a 


1 

X 

3 


n 


+ 


2 

y 


b 


2 




c 


2 


(19.33) 


e 


h 


2 


SmL 


2 X ^ ^ y 


+ n^J 


which is the same equation developed earlier, Eq. (19*6), from Bohr- 
action integral. 

If V is the volume of the cubical box, 



E 


h 


2 


2 


2 


2 


8m K 


2/3 


[" « + » y + » zJ 


(19,34) 


which shows the energy values depending upon the volume of the system. 


The specification of an integer for each rty 



/l^ IS 



of a 


quantum state (or energy state) of a particle. All states c haracterized t>y values of 

2 


the fi’s such thaln'^jc + + n\ « constant, will have the same energy* 


If 


+ n^y + 


n. 


1 

8 

1 

1 


2 

1 

8 

1 


3 

1 

1 

8 


66 , 

4 

7 

4 

1 


5 

1 

7 

4 


6 

4 

I 

7 


7 

7 

1 

4 



9 

1 



7 

1 



7 


5 

5 

4 


11 

5 

4 

5 


12 

4 

5 
5 


2 H 2 


2 


All the 12 states for which fi\ -h n"y + n ^ 


66, have the same energy 


B= 66 


h 


2 


8mF 


■ There are 12 quantum states with the same energy level, and it is 


said that this energy level has a degeneracy (or statistical weight) of 12. In any 


actual case, is an enomious number so that the degeneracy of an 

actual energy level is extremely large. 

When a particle has a number of quantum states at a certain energy level, it is 


2 


said to be degenerate. The degeneracy is designated by g* If n 


n 


V 


n 


l,the 


particle is at its lowest energy level,£=(3A^)/[8ml^], which is non-degenerate 
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^ 

(g = 1 )* If +n y-^n\ = n, the degeneracy is 3, if it is 12,g is again unity with 

”x ^ ”y “ 'll “ 2. If it is 14, g = 6, and so on. 

19.10 Rigid Rotator 

A diatomic molecule may be approximated to a “dumbbell'' with its two atoms 
connected by a massless spring (Fig. 19.4). The molecule is free to rotate about 
its centre of gravity (c.g.) and may also oscillate along the line of centres. 

Let r be the interatom ic distance, and m j and m 2 be the masses of atoms at the 
respective distances and r 2 from the c.g. Since, 

r = rj + and - '”2^2^ 

it yields 

, m,r 

--=- and rj = - - - 

mj + /W2 /Wj + m2 

Moment of inertia of the molecule is: 

/=/»/, + mVj = r' = mV 

wii + mi 

where m' = is the reduced mass of the molecule. 

ffij + m 2 

Solving Schrodinger equation in spherical polar coordinates, the discrete 
energy values of rotational KE are determined as given below: 





fTt; 







m 2 




(b) Harmonic oscillator 


Fig. 19.4 
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Sff^/ 


J(j + 1 ) 



where 


j'^Q, 1 , 2 , „. 
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Let us now consider the solution of the Schrddinger equation for a one¬ 
dimensional harmonic oscillator. The results can be applied to the vibrational 
motion of a diatomic molecule and also to the behaviour of crystalline solids. 
For a particle of mass m, the potential energy for one-dimensional harmonic 


motion; 


<P-. 


1 

2 




1 

2 


mCl v„ xf = 2 (19.36) 


where x is the displacement of the particle fmm its equilibrium position at x 
and Vq is the frequency of oscillation. 



One dimensional Schrddinger equation is thus; 


2 




dx 







m 


h 


2 



2 



A Vx 


(19.37) 


Solutions of Eq. (19.37) are desired for which 



0 as X 



±«, 




B 





+ 


1 

2 


(19,38) 


where a = 0, 1,2, . Discrete energy levels are thus obtained. A finite 



1 

2 


h Vq is associated with the lowest (or ground state) energy level. 


19*12 Phase Space 


A monatomic gas having only translatory motion of its molecules is the simplest 
system to consider from the statistical viewpoint. When the position and motion 
of each atom of the gas are prescribed, the state of the gas is completely specified 
If the six quantities X, y, st'® given for each atom, the state of the gas 

is determined. Let us imagine a six-dimensional hyperspace or phase space 
having three-position and three-momentum coordinates. Every particle has its 
representative point in phase space, and is known as the phase [mnix 

Let us subdivide the phase space into small elements of volume, called cellSy 
and the volume of one cell, //, isr 

H = dx dy d? dpj^ dpy 

This volume is small compared to the 

enough to contain many atoms. Every atom 
are numbered 1,2,3.. 





of the system, but 

must be in a cell. The cells 
in the cells are 


r : lIiuI 


Statistical Thermodynamics 





^ 3 , with iVi > L The basic 

determine how the particles distribute 



of statistical 

in the cells 



IS to 



Heisenberg’s uncertiinEy principle places a quantitative limit on the product of 

the uncertainties in the position and momentum of the particle, 


Ax 4 Px A. Az Ap^ w h 


where h is the 



constant, 6,624 x 10'^'* J-s. The 






Ajc Aj^ Az Apj^ Apy Ap^ » h 


3 


The particle lies somewhere 

which is known as a compartmenL 



3 


g^H/h 




space of volume h% 

per cell is: 

(1939) 


where g » 1 and hi^ has the dimension of volume in phase 



, smce 


(Js) 

h 


3 

3 


(Nm s) 


3 


fNs) 


3 


(length)^ X (momentuni) 


A quantum state corre^nds to a 
level corresponds to a cell of volume 
the energy level. 



3 


h in phase 







19.13 hficrostate and Macrostate 


The basic problem in statistical thermodynamics is to determine the most probable 
distribution o f the particles among degenerate energy levels under the constraints 
of constant total number of particles and constant system energy. In other words, 
the object is to determine the most probable way b which the particle distribute 
themselves in the cells of phase space. 

If all the six coordbates x, y, py and of each particle in a system are 

specified in phase space, it defines the microstate of the system. Such a 
specification exactly locates the compartmeni b which each particle of the system 
lies. This detailed description is not necessary to determme the observable 
thermodynamic properties of a system. For example, the pressure exerted by a 
gas depends upon how many molecules have the specified momenta, i.e, bow 

many molecules lie within each element of momentum space dp,^* dp^ ■ dp^, 

Sbnilarly, the density of a gas depends on how many molecules arc there in each 
volume element dx dy d: of ordinary space. Thus, the observable properties 
depend only on how many particles lie m each 
require any information on which particle lies b which cell A macrostate of a 
system is defined if the number of particles in each cell of phase space are 
specified. In Fig. 19.5, three cells i,y and ^ are shown to have four compartments 
each- The particular microstate is specified by staling that there is one particle 
(denoted by a) in compartment 1 of cell i; two particles in cell one each m the 








compartments 2 and 
compartment 3, and 



m cell it, one b compartment 2 and two in 


entionbg that Ni = ifN^=2 


The correspondmg macrostate is 




3. 


r- -iitl;- ; 
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1 
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Therefore, 


ln;r] 


ln;r dx 


We know, 


Putting 


ju dv 


uv 


jvdu 


w = Injc and v = jc, 


Jin X dx 


In X' X " f X — dx 

X 


X In X - X 


A 

lnx?“J lnxdx=[xliix-x] 


X In X - X + I 


Since X is large, I can be neglected. So, 

Inxl =x Inx-x 

This is known as Stirling's approximniion. 


19,16 Ma^rweli-Boltzmann Distributioii Functioit 


Taking logarithm of both sides of Eq. (19.42), and using Stirling’s approximation^ 

In S [A^j Ingi - +AfJ 

As the particles in the cells of phase space shift around, they change from one 
energy level to another, and Nj * s wil I change. If Ihe system is in tiiemodynamic 
equilibrium with maximum JP, a small change in W represented by 5 In fP will be 
zero. Since the value of is assumed to be constant,, 


S]nW='Z Ingi 


iV- -L SNi 


inNiSN- +SN, 


0 


or 


y In A. SN: 

^ N. ' 


0 


where JVi is the number of particles in the i-th cell (or i-th energy level) in 
thermodynamic equilibrium. However, 5Ni ’ s are not independent, but are subj ect 
to the equations of constraint, 

(1) EM = constant 


( 2 ) 


M=EMi = 
= 0 

l£^SN^ = i} 


(19.45) 


Ee^ = 0 (19.46) 

Laogrange's method of undetermined multipliers wi 11 now be used. Multiplying 
Eq. (19.45) by - In 5 and Eq. (19.46) by - and aduing to Eq. (19.44), 




In 


3i 

M: 


InB-jSSE, 5Mj 


0 



where 


Since 


From 




The constant j8 is thus detemuned Therefore^ from Eq. (19.61) 



iV- 

. »gi „-eJKT 

z ^ 


(19.67) 

where 

Z= 



(19.68) 

The internal energy U of the system: 




t/ = 



From Eq. (19.68), 






SiiRi 

II 

■ ^ S a 




2 dr 



or 

V- 

= JVJO*(In Z) 


(19.69) 

From Eq. (19.65), 






= iOTln ^ +A’ * V-vKN 

N KT 



= 

= «vrin.|- + ll + - 

c; 

T 

(19.70) 

The Helmholtz function, F = t/- is given by 



F = 

- NKt\\ a — \ 

L N J 


(19.71) 



Therefore, from Eq* (19*72)* 


Z 






or 


Z 


V 


h 


3 \2KmKT\ 


3/2 


Substituting in the equation* 




% 




z 


NSi h 


3 



572 


€ 


Hitn^jy(2KT> 


S ubstituting by 

d^N 


^ dxdyd^do, dVy dv 


V k 


3 



e 


+ v2, + fJif{2K-n 


N 


m 


3/2 


V llnKT 


+ v=^(2JtT> 


dx dy dz dUj^ du^ 

Integration of this equation over ait values of and gives 


d^Af 


N 


m 


or. 




V llTlKT 
N 


m 


dxdydz 


(hrdj^dz 


Pb ■ 


V 


(19*73) 


( 19 . 74 ) 


( 19 . 75 ) 


The number of atoms per unit volume of ordinary space is thus a constant* 


confirming that the atoms are uniformly disfributed in the gas volume. 


The Eq* (19*75), when integrated over all the values of jc, y and 2 , gives the 
distribution of atoms in velocity space, as given below: 


i^N= N 


m 


llSCT J ^ 


h 

This equation is precisely the same as, the Maxwell-Boltzmann velocity 
distribution as derived from the kinetic theory of gases and given by Eq* (21.49)* 
provided K is recognised as the Boltzmann constant 


Now, 


2 


h 




3 


lnZ=ln('+ —ln7’+— In 2nmK-^\nh 

2 2 



htli- h 
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The internal energy of the gas from Eq. (19.69)i 


U=NKf— InZ 


NKl^ 


dr 

3 1 


2 r 


3 

2 


NKT 


3 

2 


nRT 


u 


3 

2 


RT andf. 


3 

2 


R 


The results agree with the kinetic theory and the equipartition principle 
FromEq. (19*71), 


F 


NKT 


NKT 


In —+ I 

N 


3 


In P'+Yln(2ffmA:r)-3liiA + ln A^+1 


Now, 


P 



dV 


Jt 


NKT 

V 


or 


pV = NKT=nRT 


which is the equation 

From Eq* (19.70), 





gas* 


5 


NK\ ln4 + 'l + — 

N J T 

AX I In + - In r + — In 2ffi mit 


2 


2 


31iift-lniV + l 


+ 


3 NKT 




2 


T 


Now, 


V 


NKT 




P 


In ^^=ln^^+ll^^ + lll T^ltip 


Substituting, 


S 



3 


In iV + In -t' In r - In p + Y In r 


+ - In 2nmK - 3ln A - In Af + 1 + - 
2 2 


The molar entropy 


s 


/il —lnr-lnp+—tnX + —In Znm 
2 2 2 


3 In A + 


1 

2 J 


(19.76) 
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where C is a constant 

JV= JdATj = 

Let = mean energy of a single particle associated with coordinate 2 


If £2 is a quadratic function of z, i.e* whene ^ is a constant, 





0 





Numerator 



L 


Denominator 




1 (KTY'^ 4n 

c = 2 — Jo. - l—^Licr ( 19 . 79 ) 

[(nKDIaf^ 2 

A 

If the energy associated with a particular coordinate is a quadratic function of 


that coordinate, the average energy of a particle is 



KT , This is the principle of 


equipartition of energy. 





I 

I 




804 




19.24 Statistics of a Photon Gas 


Thermal radiation can be considered to be a photon gas consisting of photons 
which have no rest mass^ but possess momenta. The number of photons though 
treated as particles are not conserved. The total energy of the photons is, however, 
constant. There is no restriction on the number of photons occupying the same 
quanttim number or a compartment in a cell of phase space. Tlius, the photons 
follow the Bose-Einstein statistics^ the thermcKiyEamic probability of which is 
given by: 


W=n 




(s 


I 


1)! N ,! 


The condition of the maximum 



Iln 




N 




I 


subject to the constraint 



not 



W, = 0 


Multiplying the above equation by 



to the earlier equation 



In 


a 


N: 



i 


I 



0 


Since Wj ’ s are independent, 


In 








1 


or* 




1 




I 


I 


(19.8Q) 


where ^ = 1 iKT. The energy of a photon of frequency v i s 


e=hv 


and its momentum is 


p-hiX- bvh = dc 


where c is the vcl ocity of light. Since light can be both right-handed and left- 
handed polarized photons, the degeneracy of the energy level ^ is 


Si 


2 dxdydz6p^dp lip^ 






h 


3 


Substituting d^N for the in Eq, (19.80), putting e and 





d^N 


2 dbcdydr dpy 


1 


h 


3 


e 


pc^KT 


1 




Integrating the equation over jt, y and z, we get the distribution of photons in 

omentum space. 


r 
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Substituting d^N for £ for^, and the expression 


d*A^= A - 7^ - d* 


Integrating over je, y and z 




2y 

Be 


-e/KT 


+ 1 


(19.89) 


To evaluate let make the substitution 


B = € 


-ea/K .1 


where is the reference energy which is a function of temperature. Then, 


dPiV 


2V 1 

.Ce-e.)'KT^l 


dPvdp, 


(19.90) 


This is the distribution of electrons in momentum space. The number density of 


electrons in this space: 


P 


2V 


h 


3 


+ 1 


(19.91) 


When 7=OK, let £^ 


For a cell in momentum space for which s < £^ 


Po 


2V 

nr 


(at7’=0K, e<tu) 


(19.92) 


At absolute zero, the density of representative points in momentum 
constant and equal to 2 VHf in all cells for which E < 



IS 


ife>£„Datr=0K, 


Po = 0(atr=OK,E>eL,(,) 


There can be no electron whose energy is greater than at r = 0 K. Thus»£;jjo 
is the maximum energy of the electron at absolute zero^ which is referted to as 
Fermi energy (Fig, 19.8). 


_^ ^ 



T — OK (full line} and two higher imperatum Tj and 
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The internal energy of the system is: 


In tenm of 2^^, 



n 




19.26^2 Entropy 

In terms of the single-partition function^ 


S = N. 


L N 


r 


+ 1 


+ 


U 

T 


[Eq. 19-70] 


nflllnI +1 




N 


I dT 


V 


In terms since 


z« = z^/m 


\nZ.^ = N\nZ-NlaN+N--N 


In —+ I 
N 


S= K 


' I dT J 


In z*.* + T 


vJ 


(19.104) 


(19.105) 


(19.106) 


(19.107) 


19.26^ 




F=U-TS 




-nRT\]n 



'■ lTfK;htlif^^“ n^- -r. 



■ icait; 
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iiW^NFda^NKT 


din 


2 


da 


da 


Jt 


6JV=nRT 



z 


hV 


^V=pdV 


T 


which is valid for a reversible process. 


Now 


-n 

h 


dg = d(/+dfr 


nRd 


T 


2 


f dln21 

l“drL. 


+ nRT 




(19.111) 
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dV 


dV 
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Since 


dlnZ 


dtn 
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dr 


dr+ 


Jv 


din 
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Bv 


dV 


Jt 


dQ-nRd 
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din 
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dr 



nR 



din 
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dr 


dT^nR rd InZ 


Jv 


n^rd 


In z + r{ 


In z 
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Using Eq. (19.105), 


Urhcberrecihtlicri gescKu'iizt^s Ma’crin 
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6Q = T6S 

which is valid fora reversible process. 

19.26*8 Prt^rerties of Ideal Gases 




which is the equation of state of an ideal gas. 

For an ideal gas, 


G = U-TS+pV^U-TS+nRT 


U-T 


+ ni? + n/? In ^ 


IT 


NJ 


■^nRT 




(19J12) 


(19.113) 


(19.114) 


(19.115) 

(19.116) 


The classical theoiy of specific heat of a solid assumes that the molecules of a 
solid, when displaced from their equilibrium positions, are acted on by a linear 
restoring force, and oscillate about these positions with simple hamionic motion. 
With increasing temperature, the amplitude and, hence the energy, of oscillatory 
motion increases. The specific heat at constant volume is a measure of the energy 
that must be supplied to increase the enei^ of these molecular vibrations. Since 
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both K.E. and ?.£. of a hannonic oscillator are quadratic Auictions of their 
respective coordinates^ the equipartition principle applies, and the mean total 


energy is KT 


- KT for KE and - /fr for PE 
2 2 



molecules are free to 


oscillate in three dimensions, and so a mean energy ^KT is assigned to each 
molecule. Therefore, the total energy U of ti system of^ molecules in thermal 
equilibrium at a temperature T h 


t; = 3iVAT==3tt/er 


c 


3R 


Figure 19J2 




values of c 


p 



Cy for copper. At 



temperatures, Cy^ 3 i?, but it decreases to zero at 0 K, 

The first explanation of the decrease in Cy at low temperature was given by 
Einstein, who suggested that quantum theory should be applied. Each atom 
behaves like a simple harmonic oscillator with normal frequency v. The energy 
levels of a simple harmonic oscillator are: 


e 





1 

2 


j Av* n = 0,1, 2, 3 


The partition function is: 


2 


+ 


1 


2 


Xenp[-(n 


exp (~hv/2KT) 

1 - exp (-hvlKT) 


hV/KT 



Fig, 19.12 


and fir copper as JiiRctioJu af temperatuTe at u ettnstani pressure oft atm 






r- -htli 




Statistical ThermtNiynamia 



(b) Neglecting relativistic effects, the wavelength b: 


A 


h 


6*625 X 



-54 


mv 


9* 



xlO 


-51 


XlO 




7.3 X 10-” m 




(c) Since ^e wavelength is very small in (a), the motion is 
quantum considerations are not important in this motton. In case (b), although 

7.3 X lO'” 


m 13 a 





, It IS 





icroscopic particles like electrons* 
significantly on electron motion. 

Example 19J1 Consider a cubical box of edge 10 cm, 
helium at 3001C Evaluate the energy and its corresponding 
Solution 


for the motion of 
can influence 



gaseous 






1 

2 


KT 


1 

2 


X 



X 10“^ X 



20.7x10^^ J/molecule 


Forjc-di 


component. 


€ 


h 


2 


%ma 


2 


where a is the side of the cubical box* 


n 


a 

h 


[8 


\f2 


O.IO 


6.625 X 10 
15.8 X 10” 


-54 


8x 


4 


W2 


6.023x10“^^ 


X 20*7 X 10 


-^22 


Example l§«3 Calculate the number of ways 
distinguishable particles in four boxes so that Nj- C N 

Solution Eq. {19,40) applies to this case, so that 
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l!2!3!n 


7X6X5X4 
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420 


Arts. 



seven 


1 . 


j4n5. 


Example 



4 




are (a) distingubbable, 


Solution (a) Since the 



are 



fV 





+ 6 ^ 1 )! 


JVil 



4x9x8x7x6! 


Ans. 
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2016 





2/3 


.624x10 


8 X 9.1 X 


-34 ^.2 


- 3 [ 


3x8.47x10^ xio^ 


M 


lL3x 


^115 


Average electron energy at 7= 0 K 


€ 




Equivalent 



T 


{c)Fn>m Eq. (19.101), 
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3 


X 11.3 X 


-19 


6 


X i(r 


L9 
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2 


KT 



2e^ 

3K 


2 X 6.78 X 10"”' 


3 X 1.38 X10'“ 


32,8000 K 


X^KTR 


le 
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X 1,38 X 10-“ X 300 


2x11.3x10-"' 


R 


O.OlSi! 
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Ans. 
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contribution to specific heat is by lattice vibration 
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UESTTOPra 


19.1 Wliat are the disciepancies of classical mechantcs? 

19.2 Explain the quantum theory of Iheimal radiation. What is quantum number? 

19.3 What is the action integraJ of Bohf-Sommerfeld? 

19.4 Explain the quantum principle applied to a system of particles. 

19.5 What is the difTetence between the quantum view and continuum view? 

19.6 Explain energy levels of particles, quanfum states and degent iracy. 

19.7 What do you mean by wave-particle duality? Explain how photons and electrons 

exhibit diis duality. 

19.8 What is de Broglie law? What does it signify? 

19.9 Derive the wave equation of the transverse vibration of a stretched string, 

19.10 How did Schrodinger apply the differmtial wave equation to the matter waves of 


dc Broglie? What do you mean by liineKlependeiii and tune-independent 
Schrodinger wave equation? 

19.11 What is probability distribution function? How does quantum mechanics 

basically ^ffer horn classical mechanics? 

19.12 What is probability density? What is the normalization condition? 

19.13 How are the discrete energy levels o f a particle in a box derived with the help of 

Schrddinger wave equation? 

19.14 What are degenemte and non-ttegenerate panicles? 

19.15 Give the discrete energy levels of a rigid rotator and a harmonic oscillator. 


rr- lhtli h n _:-inhu1 


Statistical Thermodynamics 




. 16 Wliat do you mean by pbase space? What aie cells 


19,17 


19.25 


19,30 


19.32 



they relate to energy levels and quantum states? 

What is the sipificanjce of fP in phase space? 


19.1S What are the constraints on the most probable distribution of particles in phase 



19.19 Explain the terms: mlcrostaie, macrostate and thermodynamic probabi lity. 

19.20 Explain the statement: A11 microstates are ecpitl ly probable* 

19.21 Wh ich raacrostate refers to the thermodynamic equilibrium state? 

19.22 





probability for distinguishable particles based on 
Maxwell-Boltzmann statistics. How does the expression gel altered for 

indistinguishable particles? 


19.23 What is Stirl Log's approx imation? 

19.24 Show that the Maxwell* 

in phase space at equili 



fl is a constant 





model of Bosc-Einsteio statistics. Show that the number of 


macrostate 



is given by: 




I 


19.26 ^fom the above relation of 




function 


is given by: 


NJg: 



1 ] 


where j 9 is a constant, 

19*27 What is Pauli's exclusion 
19.28 

for Fermi-Dirac statistical model. 




ic probability and distribution function 


19.29 Give a comparison of M*B, B*E and F-D statistics. 



mean by 



function? What is the most 



of the 



in a gas among the possible energy levels? 


19.31 Explain the relation 




K\nW. 



is second law ealled a law of probability? 


19*33 Show that/J = l/CT* 
1934 Showthat: (a) 


d 


dr 


InZ, 


19.36 


(b)S 



In-^ + l U ^ 


N 


T 


19.35 Show that the partition ftmetton of a monatomic 



gas (or translational K.H*) 


Z 


V 


tTians 


h 


3 


[2xm^:n 


3,0 



monatomic id^l 


gas 


19.37 Establish the principle of 

associated with a particular 
coordinate is equal to t/2 KT 



of enerr V by showing that the energy 
being a quadratic function of that 




19,6 
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An argon atom (atomic weight 40) is moving between two wills 10 cm apart If 
its quantum number is 10 » how much energy is required to change its quantum 


number to (a) IO" + 1, (b) 10^? 

19.7 Consider a triatomic w ater molecule (atomic weight 18.02). It is 



ma 


cube of 10 cm side. Find the kinetic energy of the molecule if ite translalional 

lO". Whai are the 


10 ^ n 


y 


10^^ and n 



quantum numbers are - 
wavelengths associated with each of the quantum 

19.8 Calculate the fotational energy levels for a diatomic hydrogen molecule for the 

first five values of / (i^e.^y - 0^ li 2^ 3, and 4). The mass of a hydrogen atom can 
be considered to be equal to that of a proton (r 0*742 A), 

19*9 It is observed that light fitted from a rotating oJtygen molecule must come 

from adjacent rotational states, i.e. ^ 
lowest transitions if / = 1,95 x 10“^® g cm 

19.10 If an argon atom vibrates about an equilibrium location in simple harmonic 

motion, how much energy is required to change its vibrational quantum number 
from 10 to 117 Assume the constant in the force acting on the atom f = -Kj^as 
2 kN/m, 

19.11 The equation of a translational system 





n 




2 




2 

y 
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n 


2 
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c 
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h 


7 


is analogous to the equation of an elli 



X 


a 


2 

1 






where is identified as (Sm 
ellipsoid is 
number of states of energies between 0 
between f and £ + d£ is 


volume of the 




£, prove that the number of states 


Si 


ArrmV 


\f2 


h 


j 




where V is the volume of the gas. 


19*12 For a particle in a cubical box of sidle L, find the number of quantum states 



each of the following energy levels: 


(a) (b) 25 


8 ml; 


8m i. 


i 


and (c) 36 


h 


2 


8m i 


2 


19,13 If a particle has a translational energy 3A^/(8mI^), what are the possible 


2 


Ans. (a) l,(b)9*{c)6 


directions for its velocity? 


19* 14 A particle with a mass of 10 



Arts. 8 

is nroving in a small cubical box with edges of 


length I cm* Find the spacing between successive permissible valttes of (he 
velocity components. 

19,15 The uncertainty in the position of an electron is given by Ar - 0.5 A* Determine 

the uncertainty, in the linear momentum of the electron. An electron is 




ma 


electron. 


0.5 A* Estimate the lowest energy, £g, available to the 




Classical thermodynaniics deals with reversible processes in which transition of 
a system from one equilibrium state to another occurs. A system is said to be in 
equilibrium when no spontaneous change in the system takes place and all the 
thermodynamics properties remain constant and uniform throughout the system. 
The properties are spatial and time invariant The branch of thermodynamics 
which deals with irreversible processes under steady state condition where the 
properties vary with space coordinates, but are constant with respect to time 
is known as irreversible thermodytiamics Denbigh called it thermodynamics of 
the steady state. 


20.1 Entropy Flow and Entropy Production 


Let us consider a thin copper rod connected between two heat reservoirs at 
temperatures Tj and (Fig^ 20,1). The rod is thermally insulated. Heat flows 
steadily from the hot to the cold reservoirs. The temperature varies from point to 
point along the rod, but the temperature at any point is constant with time. The 
temperature at a point is defined as the final equilibrium temperature of an 
isolated small volume element, enclosing the point in contact with the recording 
device, say, thermocouple. The volume element is small compared to the 

dimensions of the system, but large enough to avoid molecular fluctuations. 


Let Jq represent the rate of heat flow per unit area from the hot to the cold 

reservoir (W/m^). In unit time, the hot reservoir undergoes an entropy decrease 
JqfT^l the copper rod suffers no entropy change, because, once in the steady state, 
its coordinates do not change with time; and the cold reservoir undergoes an 
entropy increase jQ/r 2 . So the entropy change of the universe per unit time is: 
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Fig. 20.1 Steady ifreuersible Jbw of heat along a thin rod 
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( 20 . 1 ) 


Let U5 focus our attention on the rod, rather than on the universe* Since the hot 
reservoir underwent an entropy decrease, it may be said that it lost entropy to the 


rod, or that there was a /fo w ofentropy into the rod equal to /q/J i per uni t ti me * 
Since the cold reservoir underwent an entropy increase, it may he said that the 
reservoir gained entropy from the rod, or that there was a flow of entropy from 


the rod equal to per unit lime. But since Jq/7’2 > Jq/T^, the entropy outflux 
from the rod exceeds the entropy influx to the rod. The difference must have been 
generated within the rod due to irreversible heat transfer through a finite 
temperature difference. So the rate of entropy production, cf, within the rod is: 


If Ti¬ 
the rod. 



_ _ j ^ “ ^2 

T, so that a small temperature difference exists across 



As A T 0, (T 0, so that when the temperature difference vanishes, the rate 
of entropy production becomes zero, and the heat transfer process becomes 
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• r I 


UK 





































reversible. The rate of entropy production is thus a measure of the extent of 
irreversibility inherent in the process. 

Let us now suppose that an electrical current /] (ampere^m^) is maintained in 

the same rod by virtue of a difference of potential M across its ends* while die 
rod is in contact with a reservoir at temperature T (Fig. 20,2). Electrical energy of 
amount*/] A £ is dissipated in the rod per unit time, and at the same rate heat flows 
out of the rod, since at steady stale the rod undergoes no energy change. There is 
an increase of entropy of the reservoir per unit time, while there is no 

entropy change of the rod. Therefore, the entropy change of the universe per unit 

which is positive. If we now focus our attention on the rod, it 

may be said that there was no flow of entropy into the rod, but that entropy flowed 
out at the rate (Jj A£)/f, which must h ave been produced intemaily. So, die rate of 
entropy production is: 


time is (Jj Ag)/ T, 




If now a temperature difference AT and a potential difference AE 
simultaneously exist across the rod with both the heat current and the electrical 
current flowing along the rod, the total rate of entropy generation would be: 
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Reservoir at 

temperature T 


Fig. 20.2 Steady flow of electrical current in the rod 


20.2 Onsager Equations 

It has been found experimental ly that in the absence of AE Jq depends on ly on 
A r, but when there is a Af as welt, then Jq (and a1 so depends on both AT and 
AE. Similarly, when bothAT and AE exist across the rod, J^ also depends on both 

of these difTerences. The heat flow and the electrical current flow are irreversible 
coupled flows, which exist because of the finite potentials across the rod. If the 
departure from equilibrium conditions in the rod is not too great, J^ and J| may be 
assumed to be linear fimetions of AT and AE* as given below 



(20.7) 
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where i's are called pheftomenological coefflcienis. The above equations are 
known as Onsager equations, which express the linearity between the fluxes and 
the forces. TheL’s are coefficients connected with electrical resistance, theimil 

conductivity and the thermoelectric properties of the rod. Only three of the four 


L* s are i 



it can 



not great, 


I 


12 


L 


21 


(20J) 


This is known as Onsager reciprocal 



20.3 






A large number of phenomenological laws exist, which describe the irreversible 

processes in the fomi of proportionalities, e*g. Fourier's law between 
and temperature gradient,Fic^ 's /dw between flow of matter of a component in a 
mixture and its concentration gradient. Ohm's between electrical current and 
potential gradient, Newton's law between shearing force and 
the chemical reaction law between reaction rate and chemical 
causes which are responsible to the occurrence of these 
such as, the temperature gradient, potential gradient, concentration 
chemical affinity arc called liiegeneralizedforces, denoted byX^(i = 1,2,..n). 



iaL The 



The irreversible phenomena, such as heat flow, electrical current 
chemical reaction rate, etc. caused by the/orc£:s are called_/7iixej. 



, diffusion, 



Jfi “ 1,2* ..., w), A 




may be defmed as a quantity which 


measures the extent to which the system is displaced from equilibrium. 

When two or more of these phenomena occur simultaneously, they interfere 
and give rise to new effects. The examples of such cross-phenomeim are: 

(1) The two reciprocal phenomena of thermoelectricity arising ftom the 

interference of heat conduction and electrical conduclion, viz., Seebeck effect and 

Peltier effect, 

(2) The coupling of diffusion and heat conduction giving rise to thermal 


diffusion, called the Soret effect (concentration gradient fonned as a result of a 


temperature gradient) and its inverse phenomenon, the Dufour effect (temperature 
difference arising when a concentration gradient exists). 


T wo coup led transport processes can be expressed in the genera lized form 


J 


1 


J 






22 -™ 2 


(20,9) 

( 20 . 10 ) 


For two primary processes (say, heat conduction and flow of electricity) the 
basic or primary laws will be of the form: 

Jy = 11 ^ 1 , for process 1 alone, say, heat conduction, where Jy — Jq, Xy " 

d r/dx and Z,, ^ is the thermal conductivity, and, 

Ji = Z22^2> process 2 alone, say electrical flow, where J 2 = Jx, X 2 = dEl dx 
and L 22 is the electrical conductivity. 




If proc ess 2 influences process 1 and vice versa, 

= 2^2 {^5^® quantity of heat flow due to ekctrical potential ); 

J 2 -Li^Xi (the electrical current flow ^2 <iue to temperature gradient Xj). 

The latter two processes are called coupled processes, and the coefficientsL^ j 
and £21 are cal led corip/* ng ca^icients. The first digit in the subscripts of the £*s 
refers to the flux and the second digit refers to the force* If £^2 ” iji = 0 , the 
fluxes are dependent only on the primary forces and are uncoupled. 



The rate of entropy generation is the product of forces 
Eq. (20.5), 
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and X2 = 

- Jq orJg, J 2 = 
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J\,X^ 
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The rate of entropy generation in irreversible 
thus the sum 





, i,e. 


* From 
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IS 


G = JiXi-^J 2 X 2 +JyXy+... (20.11a) 

This is known as the principle of superposition as stated by VCTSchairelt 

(Prigogine, 1961)* 

Let us consider a control volume (Fig* 20.3) in which the properties vary from 

point to point and with time* The internal energy: 

u^/lx,yyZ,t) 



Fig. 20*3 Htei and work flow iit & control 
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6ivJ^ = E div J] + Jj 


or, 

By KirchhofTs law, divJj = 0 

div/^ “ 

By substitoting in Eq. (20,19), 



gradf* 


Therefore, 


P 


P 


du 

¥ 

3r 


div Jq - Ji 
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p div Jc =' 

Bt 

Therefore* from Eq, (20.16), 
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( 20 , 20 ) 


20,4 J Entropy Gmeration dm to Hmt and Mass Flows 

For a system of variable composition Gibbs entropy equation is given by: 

rd5 = dt/+ p d r-X/'k dOTk 

or per unit mass 

TdJ " dn + p dv - 5^ dc^ 

where =m^/m = mass 
of component A. 

Let us consider a region of fixed volume and mass in a motionless fluid 
mixture. Then, 


traction of component k and is the chemical potential 




( 20 , 21 ) 


For the control volume (Fig. 20.4), the continuity equation for the component k 


Gives: 



where i s the rate of flow of substance k per uni t area of the surfac e. 

Therefore, 



div *4 ” 0 

dr ^ 
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(20.43) 
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£^25* = Ar5* 


(20,44) 


The ratio of the heat flux to the electric current at constant 
called the heaf of transport, Q*^ the heat transported by 

Eqs (20,35) and (20,42) 





current. From 
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(20,45) 


or, 
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(20.46) 


From Eqs (20.44) and (20,46), 


Q*^TS* 


(20.47) 


From Eq. (20.40), 
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Substituting the expressions of ^22 equations (20.31 to 

20.33), 
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dE 



(20.49) 
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dr 
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dx 

dT 

-X7S* 


(20.50) 


dx 


dx- 


(20.51) 


These arc the govern ing equations of thermoelectricity. 


20.6.1 Thermocoupie 

A thermocouple is a device for recording the temperature at a point within a 

system (Fig. 20.5). 


Setback Effect Tw o wires of dissi milar material s A and 5, such as copper and 
constantan, are joined together, say by soldering, to form tlie hot junction u, which 
is kept in contact with the system whose temperature is to be measured. The ends 
b and c are connected to the leads of the material D (often copper). The Joints b 
and c are immersed in an ice bath to form the cold junction. The leads are 
connected to a potentiometer at d and e. When the temperature at the hot junction 
T'h is different 1mm the temperature at the gold junction an electric current 
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From Eqs (20.45) and (20.47), tbe rMe at which 



is transpoiled into the 


junction by the current J| is: 
and the rate at which heat is 


JiQ 
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J,TS\ 



eunenl is: 


=Jl Q\ 

At steady state, from the first law, 
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(20.55) 
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is the rate at which excess heat is to be removed per unit area, 


over and above the Joutean heat 

called the Peltier hmt. Therefore, 

Peltier heat -JiT{S 


I^R 


■ 

j 


A 


. to 



isothermal, and is 


A 



The Peltier heat (W/m^) is proportional to the current Jj 
proportionality is called the Peltier co^cient^ n. 



the constant of 


Therefore, 


7t 


A,B 
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s 


B 


(20.56) 


The Peltier coefficietit is called the Peltier emf, since its unit is volts. The 
Peltier emf at a junction depends on temperature and the materials of the jtmctioa 


If Ohmic 



is neglected, then Eq. (20. 
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5 bJ - 


(20.57) 



current is reveraed, in direction 



. 22.7), 
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S\) 




(20.58) 

Peltier heat is, therefore, absorbed in the junction to keep it isothermal at 
temperature T, Peltier effect is thus reversible. 
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Thomson Effect Let us consider an e lement of length Ax of a rod or a wire 

through which heat is flowing steadily by conduction due to a temperature 
difference AT (Fig. 20.8). If an electric current / is sent through the element, it is 

found that the temperature distribution in the element is altered by an amount that 

is not entirely due to Joule effect. The rate, at which the electrical energy is 
dissipated into internal energy increase of the element, is greater or less than the 
I^R heating, the difference depending on the magnitude and direction of the 
current, on the temperature, and on the material This phenomenon is known as 
the Thomson effect. Allowing for Joule effect, the heat that must be supplied or 
extracted laterally at all places along the eLement to restore the initial temperature 
distribution (without electric current) is called the Thomson heat. 


£ + 6e 



X 


Fig. 20.S CoupUdfiew of heat and elteiridty in an element 

Let Jq represent the heat that must be removed laterally per unit area in unit 
time from the element carrying a current to restore the element to its original 
temperature distribution. If A£ Is the potential difference across the element, the 
rate at which electrical work is done on the element isIAE. The rate at which heat 
is transported per unit area by the electrical current into the element is 

which heat is transported by the current out of the 
element per unit area is {Jq}y - */i(C*Kt in kW/m . The conduction heat 
flowing into and out of the element is the same and need not be considered here. 
By first law, 

=J, [A£^(T^ AT) (^)t.at- 

Now, (S*>r . iT =-y* + ~ A 7* 

a/ 

Therefore, 



A£ + T 



AT+S*AT 
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(20.59) 
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From Eq. (20.50), 
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dx 
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Also, 
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d£ 

djc 


Ax 


^dix + S*^Ax 

A QJ: 
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X 

Substituting AE in Eq. (20,59), 


^r-Ax-^ 



(20.60) 
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(20.61) 


The current density/[ is given by 
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dE 


X^ 


AE 

Ax 


Therefore, the Joulean heat per unit area is; 


Jj A£ ’ Jj 
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From Eq. (20.61), 
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(20.62) 


This is the excess heat that must be removed per unit area from the element 


laterally, over and above the Joulean heat, and is the Thomson heal. The quantity 


T 


dS 


dT 


AT is expressed in volts and is called the Thomson emf. Thomson heat is 


proportional to as well as AT and the constant of proportionality is called the 
Thomson coefficient, cr. If heat is added to keep the same temperature, o' is 
positive. Ff heat is removed, a Is negative. So, 


’ 'r . ' . rr L^ntl;. : 
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o = -T^ 

dr 

The Eq, (20.62) becomes 

--^Ax = -uJ^AT 

ylr 

The difference in Thomson coefficients for the two wires A and B in the 
thermocouple 

<Ja -[-S1 --s ;] (20.65) 


(20.63) 

(20.64) 


Thus^ alt the thermoelectric effects can be expressed in terms of the eotropy 
transport parameter*?* and the temperature, as given below: 


Jh 

Seebeck effect: £^b ^ J ^ b1 ^ ^ 

7c 

Peltier effect: b = T IS\ -.? 


Thomson effect: cr^ - Og = -T [S\ - S q] 

dr 

Differentiating q with respect to T, 


and 

Therefore, 




( 20 , 66 ) 

(20,67) 


The above equations are known as Thomson 'j first and second relations^ 
which were derived by Thomson (Lord Kelvin) by a different procedure. If for a 
given thermocouple, the relationship between the emf and the temperature is 
known, e,g,, 

E. B = a^t, a/ + a/ 


where t is the Celsius temperature and the cr's are constants depending on the 
materials, then both the Peltier coefficient of any junction and the difference in 
Thomson coefficients of the two wires at any temperature can be computed. 

The Seebeck emf of a thermocouple can also be expressed in terms of the 
Peltier emfs at the junctions and the Thomson's emfs in the wires, as given 
below: 
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I? I = *' y ' ‘ ( 20 . 75 ) 

This quotient is called the thermomolecuiarpressure difference. A temperature 
difference between the two vessels causes matter to flow thus setting up a pressure 
difference. 

The thermomechanical effect may be connected with thermomolecuiar 
pressure difference from Eqs, (20*74) and {20*75 



where 0* = i/* - A cal led the heat of transfer. 

The above equation is very important in the thermodynamics of inevetsible 
processes, some appi ications of it being given below* 

20 . 7.1 Knitdsen Gas 


Let us consider an ideal gas contained in a vessel divided into two parts by a 
capillary whose diameter is small compared to the mean free path of gas 
molecules (Fig* 20.10), Eveiy molecule arriving at the hole of the capiUai^ will 
pass through it freely. 

The rms velocity of a molecule passing through the capillary is t 

instead of {see Lee. Sears andTurcotte, 1973). Therefore, the mean 

energy of the molecule is: 


—ra 
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] 4K^T 

“ m - 

2 m 


2KT 


The energy transferred with each unit of mass is 


U*=2KT 




where g is the molecular weight* 
The enthalpy of a monatomic i 



h = u^pv 


1 ^ 
2 u 




R j» 

U 2 u 


(20.77) 
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Therefore* from Eq* (20.76), 
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(20.78) 
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If the diameter of the hole is 
energy transferred with an 


enthalpy* so that 


or. 


A/j/AT 




V*=h 



or Py=P 2 



comparison with the mean free path, 
is the whole energy of the gas or its 


Thus, there is no tbermomcchanical effect for an ideal gas under ordinary 
conditions. 


20,7J 




demonstrated in fountain effect ^ in which 
(2.18 K) upon being heated flow from vessel 



mass transfer is also 
below the A- 
2. The same effect 




difference in concentration (or A/?) arises as 




IS 




osmosis. 


20.8 Stationary States 

In the domain of irreversible thermodynamics, a slationaiy state is defined as the 
state of a system when all the thermodynamic properties of the system get 
independent of time. 

All natural processes are characterized by certain forces A'j, A' 2 , - AJ, 

fluxes Let us fix a number k of these forces, viz., Xy, X^, - - at 

constant values by means of external constrainCs. The remaining forces 
+], Xjj+ 2 , - -, are kept free. The system will undergo a natural ewiution t ill 

the free forces are destroyed and Anally arrive in a state of minimum enfropy 

we 





da 

dx. 


0 {where i = k-\- 1,^ + 2, ... n) 




We call this state as the 
function of2f s, it can 
+ 1 *+ 2 * vanish. 



state of A-th order. Since (T is a 


's of the forces are kept fixed 
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Solved Examples 


Example 20*1 Show that in the case of irreversible cottpled flows of heat and 
electricity* 


(a) 7 ^ (T — L^(A 7 ^^ + (L[2 ^ ^ ^ ^22 



2 


(b) 


d 


dAE 




a 


3Ar 



iE" 2/5 



(c) Show that with AT fixed, the equilibrium 
involves a mmimum rate of entropy production* 

(d) Show that with fixed, the equilibrium state 
involves a minimum rate of entropy production. 

Sohtion 



when Ji 




0 



when 



s 


0 


From Eqs (20*6) and (20*7), 


I 




J, 




From £q. (20* 11), 


(a). 

From Eq. (20.11), 


d 
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(Ta) 


AT 
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dAT 
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12 


T 
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<j = Ji 


AT 


AE 




a = ATAT+J-iT AE 
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LL 


A_r 
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+/, 


L2 


¥] 


TAB 


AT 


+ ' ^21 ^ ^ 


22 


A£ 
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TAE 


L^^(A^f + ^L^2+L2^)ATAE■bL2^AEf¥wveA 


Tcf = AT + AE 


A T 


dJ, 
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dAE 


+ */j A£ 


&T 



^T 


A +Ji-+-A£^ 
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i2l-^ + i22—l+J'' 
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+ */j — 2 J| 


Proved (by 


{To — Jg + A r 


3/ 




3Ar 


+ A£ 




3j, 


3A7' 


JA£ 


'r ' . i\- ' Hi h ^ “^hut- 






Substituting in Eq. (20.7), 



A£ Ar . , A£ 

--^ + jL,, — 

AT A ^ r 



Proved (c). 



Proved (d). 


Example 20..i Ttte difTerence between Seebeck coefficients for bismuth and 
lead is given by 

- 43.7 (nV/deg) - 0.47 (uV/deg*)/ 


where / is in 
(a) Calculate the 




and the test junction at 
junction at 100*^0? What 




C. (b) What is the Peltier coefticient 

be transferred at this junction 




lest 


an 


electric current of 10 amperes in 5 min? Would this heat go into or out of the 



50^C? 

Solution 
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where / is in 


5. 



X 10-* 


I O 2 


0.036 X ir*. a. = 5 X 10 


-12 


Calculate (a) th e Peltier beat limsfeired at a jimction at (i) lOOO^C, (ii) 500^C by 
a current of 0.001 amp in one hour, (b) the temperature at which Pelttcr heat is 
zero, and {c) the difference in Thomsoii coeflficieiits at the above temperatures. 

Solution 



II 

5 

r ^ 

= j (5l - sr*B 

]dr 



dr 

= ^*A - -S'b 




^A.B = 

II 

CD 

II 

r[5*A-5;] 


Given: 

E = 

= a,(r 273) + (T 273)* + “* 

(7-273)* 


dE ^ 
dT 

= ai + a2(T- 

-273)+ 03 (7-273)* 



^A.B ■ 

= 1273 [-5.991 X !0r‘- 0.036 X 10^ 

X 1000 + 5 


X 10 


12 


X 





1 


0.047 volt 


Peltier heat at 







X 




X 





J 


(a) 


At 


K 


A.B 



0.0286 volt 

0.0286 X 0. 

0.103 J 



X 



Ans. 



When B 


r(aj + 02^+ ” 0 


or ay + 02 ^+^^^ 


2 


0 




Cj ±[a| -4a,aj] 


1/2 


la 


3 


0.036 X10 


^6 


±[{o. 



X 



-6\2 


4 X (-5.991x10“*) (5x10 


^^12 



1/2 




2X5XI0’’^ 


0,036 X10"*' ± [l,296 X 10"'^ +119,82 X 10 








10 


-II 


0.036X10^*+ 37.63X10“^ 


10 


-JJ 



.036 ± 0.037) X 10 


-6 


10 


-It 


0.073 X 10^ 








A = chemical affinity 



+ 




20.14 



will be the entropy 



+ V2;/2]-[Vj/i3 + V4//4J. 

for multiple fbrces (temperature gradient. 


electric potential padient, concentration gradient and chemical affinity) 
simultaneously existing in a system? 

reciprocal relation often called the fourth law of 



20.15 Why is 

thermodynamics? 

20.16 What do you mean by 

20.17 



of nansport? 



as given below: 


J 


Jt+Ars*^ dr 




T 


dx 


AS* 


M. 

dx 






dx 


dx 


J. 






dx 


dx 


0 

20.18 Explain the “Seebeck effect" Show thai the S^beck emf is given by: 


£a.b= J [s*B-s;jdr 

20.19 What is thermoelectric power of a thermocouple? Show that it is given 1^ the 

difference of the entropy transport parameters of the two wires. 

20.20 Explain what you understand by Peltier effect. What is Peltier heat? 

20.21 Show that the Peltier emf is given by: 

'rA.i> = r[5l-S-B] 

20.22 Show that Peltier effect is rev'ersible. 

20.23 Explain Thomson effect. What is Thomson heat? 

dS* 

20.24 Show that the Thomson emf is given by T A 

20.25 Show that the difference in Thomson coefficients for the two wires A and B is 

given by 

20.26 Establish Thomson's Hrst and second relations of thermoelec^city as given 

below: 
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The kinedc theory of gases attempts to explain the macroscopic properties of a 
gas in tenns of the motion of its molecuies. The gas is assumed to consist of a 
large number of identical, discrete particles called molecules, a molecule being 
the smallest unit having the same chemical properties as the substance, 

21.1 Molecular Model 


The kinetic theory is based on certain assumptions regarding the molecular nature 
of the gas. 



2 . 

3, 

4, 

5 , 


Any finite volume of a gas consists of a very large number of molecules. 

The number of molecules in I kgmol of a gas is 6,023 x !0 , which is the 
Avogadro*s number Nq. At standard conditions of 760 mm Hg and 0“C, 
1 kgmol of gas has a volume of 22.4 m^, so that there are approximately 
3x10^^ molecules in 1 mm^ of volume. 

The molecules are like identical hard spheres moving about continuously 
in random directions. They are separated fmm one another by distances 
about 10 times the molecular diameter (2 to 3x I0'’®m). 

The molecules move only in straight line paths, the directions of which 
change only by collisions. 

Collisions of molecules are perfectly elastic, so that there is no decrease in 
kinetic energy during a collision. 

The molecules are distributed uniformly throughout the container, if there 
are molecules in a container of volume K the average number of 
molecules per unit volume, n, is equal to NIV and dN= ndV^ where the 
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voluxne etement dV is sniall compared to the dimensions of the container, 
but large enough to contain many molecules. 

6. All directions of molecular velocities are equally probable. 

21.2 Distribution of Molecular Velocities In Direction 

Let us imagine that to each molecule is attached a vector representing the 
magnitude and direction of its velocity.* When all these velocity vectors are 
transferred to a common origin, we have a distribution in velocity space 
(Fig, 21.1), Let us now construct a sphere of arbitrary radius r with its centre at 
the origin (Fig. 21.2), The velocity vectors, extended if necessary, intersect the 

surface of the sphere at as many points as there are molecules. The average 
number of these velocity points per unit area is M(4 nr^). An element of area on 
the surface of the sphere of radius r in an arbitrary direction specified with 
reference to a polar coordinate system by the angle B and ^ (Fig. 21.2) is given 
by: 



Fig, 21,1 Velocity oect&n of moheuies in uelodty space 


d4 =r^ sin B dB d^ 

The number of molecules having velocities in a direction between 0 and 0+d 0 
^ and + d^, which is denoted by d^Ng^, is 




sin 0 d0 d0 



Urhcbcnochtlich oeschutztes Material 


















Fig. 21.2 Ekmmtoi arm on ike sujfme of a .^skere in nehciiy ^aee 

When we divide the two sides of the equation by volume V and substitute 
ft = N/V, we get: 







The magnitude of the molecular velocity is the speed. Not all the molecules 

have the same speed. The speed of the molecules can vary from zero to the speed 
of light. However, for mathematical convenience, we will assume the molecular 
speed varying from zero to infinity. 




Any surface in contact with a gas is constantly bombarded by the gas molecules 
from all directions and with alt speeds. Let us consider the area d/j of such a 

surface {Fig. 21.3) with the angles 0 and 0 so specified. The number of molecules 

travelling in the $0 direction and with a certain velocity v designated by 

The collision of any one of these molecules with area 6A is called a 
collision. The slanted cylinder (Fig. 21.3) has edges in the direction d, ^ and a 





to the 










number of d^v collisions with area 6A in time d/ equals the number of 9^ 



Let dOy represent the number of molecules per unit volume with speeds 
between v and v ^ do. From Eq. (21.2), the number of 00 molecules per unit 
volume is: 


d^n^ “ —^d/i^. sin d(l'd^ 

4K 

The volume of the cylinder is: 

dF= d/1 ndi cos 6 
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The number of molecules in the cylinder, and hence, the number of Otj^v 
collisions with area dA in time dr, is: 


Normal 

1 

u 



Fig. 2 U d^p collision of mokcuies with a wall 





4jt 


drt., sin 0'Cos fl d0- 



The number of collisions per unit area and per unit time is 


I 


47Z 


vdrty sin 6 cos d^ 


(2h3) 


The total number of collisions per unit area and per unit time made by 
molecules with speed v is found by integrating over & h:om zero to 7t/2^ and over 
0 from zero to 2;r. This gives: 



sin ^cos 






The total number of collisions per unit area and per unit time made by 
molecules having all speeds is given by: 



where v is the arithmetic mean speed defined by: 




i■ ■ htl- L-nhiii- >-■= ■ 
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HerCj 


V 








N^+N2 +- 


n,v; 


n 


21.5 Absolute Temperature of a Gas 

Since n ™ N/V^ Eq. (21.15) can be written as: 


pV 


mNv 


(21J6) 


For an ideal gas, 


py = nRT, 


where n = number of moles, R = universal gas constant 8.3143 kJ/(kgmobK) and 


T =absol ute temperature. Now, 

tt=Nm 




where Nq is the Avogadro' s number, 6.023 x 10 


26 



. Tlierefore, 


the ideal gas 



of state is: 

pK= N—T^NKT 

No 

_L_A_ 1 


{21.17) 


where K = Boltzmann constant = 1J8 x i 0 J/(molecuIe-K). From Eqs (21.16) 
and(2L17), 


NKT 


mNv 


or 


V 


IKT 


m 


V 


[3 KT/m] 


i/z 


(21.18) 


where Vjj^ is called the root-mean-square (rms) velocity of molecules, which is a 


function of temperature. Now, 


1 „,-,2 
— mV 

2 


1 3AT 

— m- 

2 m 


2 


KT 


(21.19) 


The mean translational K.E. of a molecule is proportional to the absolute 
temperature, or conversely, the absolute temperature of a gas is a measure of the 
K.E. of the molecules. 

The total translational K.E. of the molecules, U, is 


U 


2 


NKT 


The speed of a pressure pulse in an ideal gas is given by 


V. 


1/2 


( 21 . 20 ) 


1 

1 III 

1 

i 

i 

j 

. iT- "nci 

b 

r 
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• ^ 1 • 
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nhui 



(21.25) 


where v is the molar volume (m^^gmol). This b known as the van der Waais 

e^aation of state. 


21.9 Maxwell-Boltzmaim Velocity Dlstributloii 


It was shown that the rms velocity of the moiecul es of a gas is relate to the gas 
temperature. If all the molecules of a gas at a certain temperature move at the 


same speed, then the rms value describes the velocity magnitude of all the 
molecules. However, the speeds of gas molecules vary widely, and it b thus 
necessary to determine the velocity distribution of the molecules, so that the 
number of molecules moving with any particular velocity can be determined. 


Let u$ consider a volume of gas at a 



temperature, the molecules of 


which arc moving at different velocities. The instantaneous velocity vector of 



. Let us i 



a velocity 



each molecule is resolved into components Vy 
space (Fig, 21.7) so that the surface area of a sphere represents, at an 

time, all molecules of equal velocities. Each molecule has a representative point 

in velocity space. The number of molecules whose velocities lie between v and 



Fig. 21.7 



n + dz; would be represented by the spherical strip of thickness dz;^ and be denoted 
by Since the total number of molecules .Af is very large, the s^p although 
small, still contains a large number of molecules. Let represent the number 

of mol ecules whose jc-component velodti es lie between an d Then the 

fraction (6NyJ/!^ is a function of the magnitude of and the distance di?j(, or 


dA^, 

_Is 

N 



r 


: I 


r 


ti: r> 
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where/ is called the distribution functioti for j:- comportent of velocity. 


Similarly, 


and 


dN, 

N 


f(Vy) dD 


(21.27) 




(21,2g) 


Some of the molecules of havey- 

andry+dVy, and let this be represented by 


V 


N 






Vl-Vy 


has been used, since this is a small fraction of an already small fmction 


but sdll large enough to contain many molecules. Since the number 
is large, the following relation holds good. 


d^N. 




dN. 



dN. 


N 


(21.29) 


or 


d^N. 


Vii Vy 


dN^ dM 


N 


dn. 


(21.30) 


Similarly, d^N^ 


V '"i 


represent the number of molecules whose velocity 


components would lie between and and Vy + and 


and 


+ dv^. 


». = N/(v^)f{Vy)f(v^ dpy <to; 


(21.31) 


The number of representative points per unit volume, or the density of points in 


velocity space, represented by p, isr 


d^N 


P 




dv^ dVy dv^ 




(21.32) 


Since the velocity distribution b isotropic, the density b the same in any volume 
clement so that: 

dp - Nf(v,)f(v,)f(v^ dv, + Nf :v^nv,)f(v^ 


dt?v + dv, = 0 


or 


nvj * /{pj >' AvA 


0 


(21.33) 


At a radial distance v from the origin. 






Vjjdt^x + VydVy + Vjdv 


0 


(21.34) 


To solve the Eq, (21.33) subject to the constraint of the equation (21,34), 
Lagrange's method of undetermined multipliers is applied. Multiplying 
Eq, (2134) by X and adding to Eq. (2133), 


r - 


1 

1 

1 

V 

I" 


• 

1 

i! 


'n 



p 


nv.) 


+ Ar 


+ 


fiVy) 

/{Wv ) 


+ Xv 


L Kv^) 


0 


(21.35) 


where X is called the Lagrange's multipUer. 


Since and are now independent variables, the coefficients of dv 


and dt?j are 


* ri 


*,dn 


/■(',) ^, 
7<v 


0 


(21.36) 


0 


(21.37) 


^^^^+Xv=0 


fip.) 


(2L38) 


From Eq. (21J6)* 


d/f®*) 


di-* fiV.) 


+ Xd 




^«dP, 




A— + In a 
2 


or 

/(rO - 

(21.39) 

Similarly, 

fiVy)-a-e 

(21.40) 

and 

f{v^ = 

(21.41) 


wheie a is 


constant of integration. The symmetry 


san 


integration constant for all the three equations. 

Substituting the expressions for/{i? 3 j),/(o„) and /(v^) in Eq. (21 


or 

where 


p = Na^e~^ t- + o\] 

= A/2 


d^N 




^ dVy dv^ 


(21,42) 


Ci:U' 
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The density is found to be a function ofu only, and it is maxinmm at the origin 
where u = 0 and fails off exponentially with (Fig* 2h8)* To calculate the 
number of molecules with speeds between v and v + dv, the volume of the 
spherical shell of thickness dv at a distance v h'om the origin is multiplied by the 
density of points, so that 



dM 


2 


4 nv dvp 


(21*43) 


Substituting for p firom Eq. (21.42), the total number of molecules: 


j Na^ dv 




4 A^ot^ I dn 


0 


To integrate the above expression, let jc = V, so that 


dr = j3^2^dl»-2fl*/7 d». 




2.-PV 


D 


** -[ 

, f jr dx 

* F' 


1 


3 



X 


m)- 


2^ 0 


J_rf 

, 03 ^ I 


i -xdx 
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1 ■Jn 


2B 


V 2 


20 


3 


2 


(21.44) 


where T (n) 


X 




e djc (n > 0) is called goiM wo function, the values of which 


0 


are given in Table 21. L 
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Now, 


U 


- NKT = 
2 


4fl 


2 


nl/i 


P 


m 


2fCT 


From Eq. (21.45) 


(21.47) 


a 


m 


IkKT 


\n 


(2L48) 


Substituting these values in Eq. (21.43), 


(W. 


dvS 


AnN 


m 


2MKT 


3/2 





or 


6v 


AN 




Jn\ 2KT 


3/2 


2 


(21.49) 


This equation is known as velocity distribution function. 

Plots of dNy/dv vs. V are shown in Fig. 2 L9 at three different temperatures. The 
areas under all these three curves are the same, since the area represents the total 
number of molecule 

V Irom the origin under the curve, say, at 



molecules dNy having velocities lying between v and v +dy, which on integration 
from n = 0 to n = becomes JV, the total number of molecules. It an be shown 
that the maxima of these curves (Fig. 2L9) fall on an equilateral 

(see Ex. 21.5). 



V 



^ V 


Fig. 21.9 Velocity distribution function at three different temperatuTe, 7} > > Tj 


(21.50) 


Substituting a and p in Eq. (21.42) for p. 


d^N. 


V V = 4 

^ y* 2 


m 

2KKT 


e dp, dVy dv^ 




similarly be determined. From Eqs (21.26) and (2139), 


- dv 


Nae dp 
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2KKT 


V2 


€ 'dv 


dN, 


dv 
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n {2KT 


\fi 


e ^ 


m ■■! 

1CT 


(21.51) 


,/dt», vs. 0. 


at a certain temperature is represented in Fig. 2 L10. 


The curve is symmetric about t?, ” 0 and has a maximum value of 
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2k KT 


L/2 


6Nv 

_J 

ilVn 


Area 






dA/Vi 

dVv 
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T 






Fig* 2 L10 MaxmeU-Bol^nmn dUirihutwn function for x^c^mponmi ctloHty 

2K10 Average^ Root-Mean-Squaxe and Moit 

Probable Speeds 


The average speed, p, of a gas molecule is defined as the sum of the speeds of all 
molecules divided by the number of molecules. 


\vdN, 


V 
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m 


expression of 6NJd^ is differentiated with respect to v and equated to zero. From 

equation (21.49), using p. 


d 


du 




d I AN aX2 -pM 


dv L Jk 


Prv 


e 


0 


or 


4N yj f „2/ a2 




■ffle 


2v + vH-2v) 



0 


V 


mp 


or 


V 


mp 


l/p 

[2KT/m] 


1/2 


(21.54) 


The relative magnitudes of the three speeds are shown in Fig. 21.11 and their 


values are in the following proportions; 



V 


Fig. 21*11 Rektm iiudes rf P^pj ^ Pran* 

^ 1^128 ; L224 


(21.55) 


2L11 Molecules in a Certain Speed Range 


To calculate the number of molecules with speeds in a certain range, it is 
necessary to integrate the speed distribution function between the I imits of that 
range (Fig. 21.12). The number of molecules having speeds between 0 and v is 
given by: 



■ r> 




uiiiuh 


Fig. 21*12 Number of molecules in the speed range of o and v 
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where x = 



V and erf (jt) is the errorfitnction 




The values of erf{jt) as a function of jc are given in Table 21.2. 


T able 21.2 Values of ike Enor FmcHon 



X 

«f(x) 

X 

^rf{x) 

X 

erf(x) 

0 

0 

1.0 

0.8427 

2.0 

0.9953 

0.2 

0.2227 

1.2 

0.9103 

2.2 

0.9981 

0.4 

0.4284 

1.4 

0.9523 

2.4 

o 

■ 

0.6 

0.6039 

L6 

0.9763 

2.6 

0.9998 

0.8 

0.7421 

LS 

0.9891 

2.8 

0.9999 


V 




To compute the number of molecules having velocities lying between 0 and 
the value of ;ic will lie between 0 and I. Then, from Eq. (21.56), 



JV 0.8427 


2 


2.718 


r 


-T “htli- i ^ 




= 0.4167 JV 

r 

i.e. 41 *67 per cent of the molecules have speeds between 0 and 

Similarly, to find the number of molecules having jc-components of velocity 


between 0 and 


= jf dK, 

0 


FromEq. (21.51), 

t 




dJW, = 

= N ^ dp* 

■Jn 


Putting 

X - 

= ^ = »x/»rap. where dx = P 



dN- 

11 




= jLj 

(21.57) 

Now, J 

Q 

dx = 



so, 

Na-.= 

' f 

(21.58) 

For 

X = 

= 1. 



= 

= X 0.8427 = 0.4214 W 

2 


For 

Jt = 





=m 



The number of molecules ha ving jr-component velocities betweenjc aod«, 



21.12 





The molecules of a gas at a certain temperature have different velocities and hence 
different kinetic energies. The translational kinetic energy f of a molecule of mass 
m moving with a velocity v, i & 

e = — mv^ 

2 




T- nhti; h 



Di fferentiating, 
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d€ = mvdv=mJ— dv = ^f2m€ dv 

V m 

An expression for the number of molecules with lianslational kinetic energies 
within a certain range, say between f and + d£ will now be derived. From 

Eq, (21.49), 

AN = ^ f ^ ^ 

‘ >f^y2KT) m (2mey'-‘ 

Therefore, 



^-e/KT 


The notation of has been changed to 



(2L60) 

since the distribution is now 


expressed in terms of The above equation i s known as the Maxwell-Boitzmann 
energy^ distribution function where represents the number of molecules 
having energy between £ andf’t’ ds. Figure 2 L13 shows the distribution of energy 
of molecules. The most probable energy of the molecules is given by making: 



^e/KT 


Fig. 21.13 MascwelTBok^^smnn energy distribution fkndion 
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d£ L d£ J ^ (KT)^'^ I 2 
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(21.61) 
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Chapter 19. The kinetic energy associated with is a quadratic function of 
and the mean value of as found eariier, is y KT. For rotation, the kinetic 

energy i$ — Igt and the mean rotational kinetic energy associated per degree of 

1 

freedom is — KT . Similarly, for a simple hamio nic osc il btor, the potential 

-2 


i 


energy where k is the force constant, and the mean potential energy is 


1 
2 


KT, Therefore, for all the degrees o f freedom in which energy i s a quadratic 


function, equal amounts of energy are associated, and the total energy of a 
molecule is shared equally among all the degrees of freedom. This underlies the 
principle of equipartition of energy. 


21.14 Specific Heat of a Gas 


Following the equipartition principle, the mean total energy of a molecule having 
/degrees of freedom is: 


e = ^KT 

2 

and the total energy of iV molecules is: 


U= 


^ NKT^^nRT 


2 


2 


f - 

or,molal internal energy, u = — RT 

2 

and molal specific heat at constant 



c 




V 


/ 

2 


R 


For an ideal 



Cp - c.- = R 





/+2 
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R 


and 


y “ CjCy 


f+2 

/ 


(21.62) 


(21.63) 


(21.64) 


It IS to be noted that c^, Cp aiMi /are all constants and independent of 


temperature. 

For a monatomic gas which has only translational kinetic 



,/ = 3. Thus 




u = ~RT,c. 
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f J,C, 
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Petit treated a solid as eonsisting of atoms, each regarded as a harmonic oscillator 

of three degrees of freedom* For simple harmonic motion, the energy associated is 
partly kinetic and partly potential* If the equipartition principle holds good for 

solids, — KT is assigned for kinetic energy and — KT for potential energy, so 

2 2 

that for each degree of freedom the energy associated is ATr, and for three degrees 
of freedom it is SiTT* So the totai energy of molecules is: 

V=’^NKT=ZnRT 


or 


u = 3RT 


and the molar specific heat at constant volume is: 


c^ = 2R = 24.9 kl/kgmol R 


(21*65) 

This is known as ih^ Dutong-Petii law which states that the molar specific heats, 
at constant volume, of all pure substances In the solid state, at 

which are not too low, are nearly equal to 3 R. 








values* But as T 


OKc 


0* So the 



theory of specific heat of a 



solid fails at very low temperatures, and the solution requires the methods of 

then L 

e/T, 

0 and as T 


quantum mechanics as proposed first by 
(Chapter 19). Figure 21,15 gives the variation 

Einstein temperature h y/K. It shows that as T- 




>0,c 
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Fig, 21J5 Specific heat of sotids 




Example 2LI Calculate the mis speed for oxygen at 300K* What is the mean 


m 






Since, pV=NKT, 



ffi = wherep, is 
whereis the initial pressure. On substitution, 


,mdN^PtyV/KT 


P\ 


El 

2 


! + 



f)] 


0 ) 


Similarly, on 




_5^ = jl!Ldf 

N-2N2 

Let Jt = N-2N2, so that 6 x = - 2 dA^ 2 * 

Initially, ^2 ^ " x = N 
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l_2Ai 
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or 


II 

' 2 


exp 


Avt 

~2V 



( 2 ) 


Equations (1) and (2) show the vanalions of pressure with time in the 




At/= 



0. Atr 


P\ ~Pi~Pm 


Ans, 


Example 21*4 A spherical satellite is moving in the outer fringes of the earth's 
atmosphere where the molecular free paths are very much large compared to the 

satellite radius r. By treating the satellite as moving with velocity u through a 

space with particle density n of stationary molecules of mass derive an 
expression for the drag due to elastic collisions with these molecules of the 
rarefied gas. 

Solution It is the case of collision (elastic) of a molecule with a moving wail 
and it will be assumed that the relative velocity of the molecule before and after 

collision remains unchanged (Article 21,7), The loss of kinetic energy in one 


collision is: 
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m (tJ cc^ 0) 
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{v cos B-luf = 2mvu cos $-2mU^ 


Loss of K.E. in all collisions per unit area per unit time 
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The drag on the spherical satellite due to collisions of molecules; 
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Ans. 


Example 21*5 A thin-waUed vessel of volume V maintained at constant 
temperature contains a gas which leaks out slowly through a small hole of area 


i 


m 



amtcs 




A. The pressure outside is low enough so that back 
negligible* Find the time required for the pressure tn the vessel to 
of its original value, expressed in terms K and v. 






to 1/e 


Soiution Rate o f molecular collisions per unit are a 


1 
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nv 




leakage of gas into the vessel 
through the hole of area^ is given by 


, the net rate of flow 
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where and Nf are 

and t is the ti 
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1 Avt 
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Again, pV- NKT, assuming the gas to be ideal. Since V, K and T are 
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Example 21.6 



6Ny = 4 kN 


nJ/2 


m 


2;r^:r 


e 


^mviytZKT) ^ ^ 


V 


and setting y 





the maxima of the curves for different 


temperatures fall on an equilateral hyperbola given by 


y ^ ^ 


4N 


mp 
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where o„p is the most probable velocity 
Solution 
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^-(mv2vt2KT7 ^ 


Fory to be maximum, dyidv = 0 when 
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The most probable velocity v 




[IKTfm] 


\t2 


Substituting for v and for \lKTfm^^^, 


mp 






mp 


or 


y 




np 


^mp ^ 

4N 




Therefore, the maxima of the isotherms fall on an equilateral hyperbola given 
by the above equation (see Fig, 21.9). 

Example 21.7 Compute the most probable speed, the mean speed, and the root- 
mean-square speed for helium at OX, 


Solution Mass of an helium atom 


4.QQS 

6.023 X 10^ 


6.65 X 


V 


nip 


\a 


2 X 138 X10"'* X 273.15 


6.65 X 


1/2 


1064 m/s 


Arts. 


V 


[^KT/jim] 


\f2 


8 X 1.38 X 10*’® X 273.15 


3.14x6.65x10“^^ 


U2 


V 


riw 


1201 m/s. 


[3KT/m] 


]f2 


1303 m/s. 


An:s 

Arts 


Example 21,8 Calculate the c ol lision rate of oxygen molecules on the wall per 


unit area at 1 atm and O^C. 


Solution 




32 


6.023 X 10^^ 


5.31 X 10’^^ g/molecule 


V 




1/2 


Rate of molecular collision 


4 


nv 


p \ ^KT 


4 KT\ Km 


Vf2 


P 


[InmKT] 


\(2 


1.01325x10* 


[la X 5.31 X 10‘^* X 1.38 X 10“^ x 273.15]’'- 
2.845 X 10^’'eollisions/m-s. 


Ans 




Collisions between moleeutes were not considered in Chapter 21 while deriving 
the expressions for pressure and temperature of an ideal gas in terms of its 
molecular propeerties. IntermoEecular collisions will now be considered. 

22A Mean Free Path and CoUision Cross-section 


Let us single out one particular molecule represented by the black circle and trace 
its path among the other molecules, which would be assumed to be frozen in their 
respective positions (Fig. 22.1). The distance traversed by a molecule between 
successive collisions is called the hee path, denoted by x, and the average length 
of these paths is called the mean free path^ denoted by A. The mol ecules are 
assumed to be perfectly elastic spheres of radius r. As two molecules collide, the 


centre-to-centre distance is 2r, which would remain the same if the radius of the 
moving molecule is increased to 2r and the stationary molecules are shrunk to 
geometrical points, as shown in Fig. 22.1 The cross-sectional area of the moving 
molecule is called the collision cross-section cr, and it is given by 


a 


4 


The moving molecule sweeps out in time /, a cylindrical volume of cross- 

sectional area crand length v r, where v is the average velocity of the molecule. 
The number of collisions it makes during this time, will be the same as the number 
of molecules whose centres lie within this volume, which is anvt, where n is the 

- I ^ * 

number of molecules per unit volume. The number of collisions per unit time is 
known as the collision frequency^ denoted by z, which is: 

z = anv (22,1) 

The mean free path of the molecules is given by: 

^ ^ Distance travelled in time t 

Number of collisions in time t 








898 



vt _ 1 

Onvt On 



On an average* the diameter (d) of the molecules is (2 to 3) x 10’^^ m, the 
distance between molecules 3 x 10"^ ni{or lOd), and the mean free path is about 

3 X I0‘® m(or lOOd) 

If motion of all the molecules is considered and all the molecules move with 

the same speed* a correction is required and A is obtained as: 

A - 0.75/cf;i (22.3) 




= Q.lQl/un 



For an electron moving among molecules of a gas, the radius of the electron is 
so small compared to that of a molecule that in a collision the electron may be 
treated as a point and the centre-to-centre distance becomes r, instead of 2r, where 
r is radius of the molecule. Also, the velocity of the electron is so much greater 
than the velocities of the molecules that the latter can be considered stationary. 
As a result, no correction is required, and the electronic mean free path ^ is given 
by: 

A, = A/on (22.5) 

where o - 4 k 


22.2 Distribution of Free Paths 

The distance travelled by a molecule between successive collisions or the free 
path X varies widely. It may be greater or less than A, or equal to it. Just like 
distribution of molecular velocities, we will now determine how many molecules 
will have free paths in a certain range, say between x and x-^6x. 

Let us consider a large number of molecules A'y at a certain instant (Fig. 22.2). 
If the molecules collide, they wilt assumed to get removed from the group. Let 
N represent the number of molecules left in the group after travelling a distance jf. 
Then these N molecules have free paths larger than x. In the next short distance 
dr, let d.V number of molecules make collisions and get removed from the group. 
So, these dN molecules which have free paths lying betw'een x and r + dr arc 





I 


I 



proportional to and to 6x. Since N is always decreasing, dATis negative and it is 
given by: 

dN=-P^N6x (22.6) 

where is the constant of proportionality, known as the collision prababiUty. 
Then 


dMA^ 

In AT 


P^dx 

P^x-^A 


where ^ is a constant. When x-(i,N=NQy and so ^ = In iVjj. Therefore, 


Af = ATg 6“’’'* 



X, From Eq, (22.6), 


(22,7) 

remains in the group falls off exponentially with 


dAf 


P^ dx 


( 22 , 8 ) 


Using this cTtpression for the mean free path X becomes 



Smce A = l/cr/i, P^= un. The collision probability is thus proportional to the 
collision cross-section and the number of molecules per unit volume. The 
£q. (22,7) can thus be written as 


Af = iVg (22.9) 

It is knovm as Ihe survival equation which indicates the number of molecules 
iV, out of%, which survive collision and have free paths longer thanjc. A plot of 
JV/Aivsx/AisshownbFig. 22,3. rfjc/A= lJ,e.,jc-A,iV/JVo-OJ7, The fraction 
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Fig* 22*3 Phi of survwal equation 

of free paths longer than X is^ therefore, 37% and the fraction shorter than X is 
63%. 

Differentiating Eq. (22.9) 

dJV = ^ djc 

A 

or, dMdr = - ^ {22.10) 

At 

This equation represents the distribution of free paths. It is plotted in Fig. 

22.4. The area of the narrow vertical strip of thickness dx at a distance x from 

the origin represents the number of molecules with free paths of lengths 

between x and jf + djc. 



n 

_-^ Jf 


Fig. 22.4 Distribution offrte paths 
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22*3 Transport Properties 

A simple trestment based on the concept of the mean ^ee path will now be 
given for four transport properties of a gas, viz.^ coefficient of viscosity, 
thennal conductivity, coefficient of diffusion and electrical conductivity, which 
govern respectively the transport of momentum, energy, mass,, and electric 
charge within the gas by molecular motion. 


22.3.1 Coe^cieni of Viscosity 

Let us consider a gas flowing over a flat stationary plate. E>ue to viscous effect 
there is the growth of a boundary layer over the plate surface. 

The velocity of fluid at the surface will be zero, and it gradually increases lo 
fiee stream velocity as shown in Fig. 22.5, drawn for laminar flow. Let us imagine 

a surface P-P within the gas at an arbitrary height from the plate, where the fluid 
velocity is u and the velocity gradient dn/dy. The velocity u is superposed on the 
random thermal motion of the molecules. 



Stationary plate 


Fig. 22.5 Fhw rfa gas ovfr a flat phU 


Let us consider a volume element d r at a distance r from an element of area 
dA in the plane P-P, making an angle 0 with normal to 44 (Fig. 22.6), the plane 
P-P being the same as shown in Fig. 22.5. The volume element is very small 
when compared with the physical dimensions of the system, but lai^e enough 
to contain many molecules. The total number of molecules in d ^ is nd^, and the 


total number of collisions within dF' in time dr is -j- ZndVdtf where 2 is the 
collision frequency of a molecule, n h the number of molecules per unit volume. 


and the factor is required since two molecules l^fc involved in each collision. 
Since two new free paths originate at each collision, the total number of new 
free paths, or molecules, originating in dV ZndVdt. If we assume that these 
molecules are uniformly distributed in direction throughout the solid angle 


then the number headed towards the elemental area dA is* 


zndVdr 

4lt 



where dw is the solid angle subtended at the centre of d V by the area dA and is 
equal to {<L4 cos 0/r^. 
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Fig. 22.6 



Traurfer of momentum asross the plane P-P by mdee^es 

in random thermal motion 


The number of molecules that leave d V and reach dA without havmg made a 

Collision may be found from the survival equation, Eq, (22.9), as given below: 


zndKdr , 

-dwe 

dK 

Since sin OdB - d^ dr, the number of molecules leaving d tn time 

dt and crossing cL4 without any collision is 

dA cos 9 2ni^ ^mQ dO d0 dr d? e~^ 

The total number of molecules crossing dA in time dr from the top is 

7 A A At 

^lotti - — - J sin 0cos ^d^ j d^ J 

S-D ^=0 r=0 

= ~ 2i:- X = ~ ZnXdAdt (22.11) 

4n 2 4 

Since the dimensions of the physical system are very much lai^er dian the 
molecular free path, the integral over r has been extended to infinity. 

But 2 = V /A, so the number of molecules crossing the plane P~P from the top 

(or bottom) per unit area and per unit time is x same result 

obtained earlier in Sec. 21,4 without considering any intermoiecular collision. 
These molecules crossing the plane P-P may be visualized as carrying 

properties characteristic of an average distance y , either above or below the 

plane at which they made their last collisfons before crossing. To fmd y , each 
molecule crossing from d P is multiplied by its distance r cos 9 from the P-P 
plane, it is integrated over 0, ^ and r and then divided by crossing the 
plane. 





CilU' 



Transport Mousses in Gmts 



1 


N 


total 






Znd A dt. sin 0. cos R d0 d^ dr r cos^ 


1 


N 


total 


dt 

47t 


ff/2 


2n 


K 




sm u cos 


a 






re 


-r/Ar 



er,0 


# = 0 


r=0 


Zn dA dl 1 


4n 


3 


27t?^ 


1 

4 


Zn A dA df 


2 

3 


A 


(22 J 2) 


The velocity of gas at a 



y above PP is, 
. 2 3 dw 


if the velocity gradient is considered constant over distances of the order of a 
free path. 

The net momentum in the direction of flow carried across the plane by the 
molecuies crossing PP from above per unit area and per unit time is: 


1 

4 


n V m 


3 dy 


Similarly, the net momentum transfer from below ts: 


1 
4 


nv m 


u 


2,du 


3 


d^J 


The difference between the above two quantities is the net rate of transport 
of momentum per unit area and per unit time, given by: 

1 _ - d« 

— n m V A — 

3 d^^ 

From Newton’s law of viscosity, this is the viscous force per unit area 


T= ^ 


du 

dy 


, where p is the coefficient of viscosity* 


Therefore, 




1 


3 


n m V A 


(22.13) 


Putting 


a= Ifkn 



Eq. (22.2), 


P 


1 



3 <T 


(22.14) 


where is the collision cross-section. 

For a gas with a Maxwellian velocity distribution, 

^a 


V 


[8 KT/KmV , A = QMVen 


Therefore, from Eq, (22,13), 


1 
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The net rate of energy transfer per unit area is the difference of the above 


two quantities, which gives: 


1 _ . „ j dr 

6 dy 


By Fourier’s law* this is given by: 




k 


dy 


where Jt is the thermal conductivity o f the gas. Therefore, 

* = 1 „ V fKX 
6 


( 22 . 17 ) 


or, 


k 


1 v/JT 


6 




a 


(22 J 8) 


For a gas with a Maxwellian velocity distribution, . 


V 


[ZKT/nmy^ and A = 0.707/c7n 
1 /K 


k 


3 





(22.19) 


The above equation predicts that the thermal conductivity of a gas, like 
the viscosity, is independent of pressure or density, and depends only on 
temperature^ It increases as die temperature inereases. 


For a monatomic gas,/ = 3 and putting (7= ;rd , 


Jt 


1 




K^T 






m 


Dividing Eq. (22.15) by Eq. (22.19) 


^£/Jt - ImIfK 


( 22 . 20 ) 


But 


RIN^,c 


f 
2 



LA. 

2 M’ 


where M is the molecular weight 
on substitution in Eq. (22.20) 



A^ois 




pLcJk^ 1 


or, Prandtl number, 


Pr = pc^k - y 


( 22 . 21 ) 

( 22 . 22 ) 



The results given by the Eqs (22.21) and (22.22) 
values only as regards order of magnitude. 

223*3 Co^ci&tt of D^^on 

In a gaseous mixture, diffusion results from random molecular motion 
whenever there is a concentration gradient of any molecular species. Let us 
consider two different gases A and B at the same temperature and pressure on 


the two opposite sides of the 



in a vessel (Fig, 223), The 



of 


i.r I 


r 


.T “hili 


nhul 
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molecules per unit volume ipIKT) is, therefore, the same on both sides. When 
the partition is removed, both the gases ditfuse into each other, and after a lapse 
of time both the gases are uniformiy distributed throughout the entire volume. 
The diffusion process is often superposed by the hydrodynamic flow resulting 
from pressure differences, and the effects of molecules reboimding from the 
walls of the vessel. When more than one type of molecule is present, the rates 
of diffusion of one species into another are different. To simplify the problem 
we assume; (1) the molecules of a single species diffusing into others of the 
same species (self-diffusion), (2) the containing vessel very large compared 

with the mean hiee path so that collisions with the walls can be neglected in 

comparison with collisions with other molecules, and (3) a uniform pressure 
maintained so that there is no hydrodynamic flow. Of course, if all the molecules 
are exactly alike, there would be no way experimentally to identify the difEtsion 
process. However, the diffusion of molecules that are isotopes of the same 
element is a practical example of the selMi flusi on process* 


^Partition 



Rg, 22,8 Diffiision of gasts A and B when the pariilion is removed 

Let n denote the number of molecules per unit volume of one gas, blackened 
for identification (Fig. 22.9). Let us consider diffusion across an imaginary 
vertical plane y-y in the vessel. Let us also assume that n increases from left to 



Fig. 22.9 Diffusion across an imaginary plane 
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From Bqs (22.23) and (22.27) 


D 




Putting v/X^ 


D 


vX 


(22*29) 


For Maxwellian velocity disthbution of the molecules, 


[iKT/rcm]''^ and A - 0.707/ff n. 


or, 


D- ^ [KT/xmY'^ 

3crn^ 

(22.30) 

" - A 

(22.31) 


The equation applies to diflhiston in a binary mixtxue of almost identical gases. 


Dividing Eq. (22.15) by Eq. (22*30), 


or, Schmidt number 


= m = p 

Sc = u/pD = 1 


(22.32) 


Measured values of Schmidt number for the difhjsion of isotopic tracer 
molecules yield values between L3 and L5, which indicate qualitative agreement 
of theory with measured data. 

22^.4 Electrical Conductivity 

Conduction of electricity in a gas arises as a result of motion of the free electrons 
present in the gas. When high-energy atoms in the gas collide, some collisions 
cause ionization when an electron is separated from its atom, so that a negatively 
charged electron and a positively charged ion are produced the neutral 
atom. Most gases at room temperature do not have many such high-energy 
molecules and thus have very few free electrons. At high temperatures, 
however, an appreciable number of electrons may be liberated and the gases 
may become highly conductive. In absence of external electrical fields, the 
electrons will be distributed unifonnly throughout the gas volume. As an 
electrical field is impressed on the gas, the charged particles are accelerated 

with a force 


F = q^ = m^^ 

dt 


(22.33) 


where is the charge on the electron and E is the electric field strength (volts 
per metre). Integrating Eq. (22.33) 




djt, 

dt 




m 


At / = 0, - 0, - 0. Similarly, the velocity of a single charged ion is: 


iT - I l\', 


:iui 



V 


4 


«d 


m 


TTm 


an %KT 


] 


U 2 


Using 


n - pfKT, 


V 


4g,E\}iKT 




ap 


%m 


: 


1/2 


(22.37) 


where a is the atomic cross-section 


The flux of charge across unit area per unit time is called the current density^ 
J. The current density is defined with respect to the average drift velocity by &e 
following equation. 


J~n^ q^V 




(2238) 


where n^ is the 


number density of electrons. The motion of the ions is neglected. 


From Eqs (2236) and (22.38) 


/= £ 


m 


(2239) 


The current density is proportional, to the electric field and the constant of 
proportionality is called the electrical conductivity^ 

J= <j^£ 


From Eq* (2239), o; is given by 




<lt 'Je 


m 


Putting 


X^~v - 4/an, 


a 


^ ^ 4 

(7n _ 



BKT 


1/2 


I A H ^ 

(Xn 


2k 

m^KT 


U2 


The electron drift velocity is 


also proportional to the electric field and the 


proportionality constant is called the electron mobility, 




From Eq. (22.36) 




Again, using 


4 = I'e T, 


/4 


4/art, 


4 

On 


£^1 


L/2 




On L ^ 


Ml 


(22.42) 


> \ 


r -htli- h 
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dx = zero 



Example 22A Calculate the coefRcient of viscosity of oxygen at 1 atm pres¬ 
sure and 300 K. 


Solution 

From previous examples, we have 

m = 5 X 10"^^ kg/molccule 

V = 445 m/s 

a=3.84 X 10-'’m- 


Therefore* 


_ 1 mv 

3 a 

(531 X10“^*) kg/moiecule X 445 m/s 

3 X 334 X10”^^ /molecule 
= 2.05 X 10”^ kg/ms 

^2.05 X 10“^Ns/m^ 


Arts. 

Arts. 


Example 22,5 Calculate the thermal conductivity of oxygen at 1 atm, 300 K. 
Solution 

For oxygen* a diatomic gas, the degree of freedom f =5. 

p = t« KT/jtmf^ = 445 m/s 

a= aS = 3.84 x 10"** 


6 <7 

_ _1_ 445m/s X 5 X 1.38 X10"^^ J/molecule K 

6 3.84x10"^^ m^/molecule 

= 0*0133 W/mK 


If the gas has Maxwellian velocity distribution* 



1 fK 
3 <7 



-23 


1 5X138X10 J/molecule K 


3 


3,84 X10“*^ m^/molcculc 


Ans. 



J38 X10“^^ (J/moIeculc K) X 300 
;rx53I XlO"^^ kg/moleculc 






914 




namta 


-23 


5X1.38X10 


3x3.84x10“*'’ 

0.0095 W/mK 


J 



K 


1.38X10 


-23 


X 



ffX5.31Xl0“^‘^ 


1/2 


m/s 




Example 22,6 I>ctenmiie the pressure in a cathode-ray tube such that 90% of 
the electrons teaving the cathode ray reach the anode 20 cm away without 



making a collision. The diameter of an ion is 3.6 x 10“'® m 
temperature is 2000 K, Use the eleetronic mean free path ^ = 4/Gn 
the cross-section of the ion. 

Solution 

The survival equation is 






N^N^e 




where N = 0,9 and x = 02m 


0.9 




-jVX 


;cM= 0,1053 
A-0.2/0.1053 - 1.9 m 
CT=4?rr^ = 4?rx (1.S x 10“'V 


40.715 X 10“^ m^ 


A, 


4 


4 


an 


40,715X10^^ Xn 


L9 m 


n 


4 


5,17 X id'* molecules/m 


40.715X10"^ Xl,9 


3 


Pressure in the cathode ray tube 


p = nKT 


5.17 X lO'^x 1. 



X 10 


-23 


X 



N/m 


2 


14,27 X 10 


-2 


0.1427 Pa 



Example 22*7 Oxygen gas is contained in a one-litre flask at atmospheric 
pressure and 300 K, (a) How many collisions per second are made by one 
molecule with the other molecules? (b) How many molecules strike one sq. cm 
of the flask per second? (c) How many molecules are there in the flask? Take 
radius of oxygen molecule as 1.8 x 10“' ® m. 

Solution 

(a) Number of molecules in the flask at 

I atm. 300 K = NIV= n = plKT 


101.325 ?< 1000 N/m 


2 


1.38X10 


-23 


J / molecule - iC X 



r -htli- h 


Thu' 
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anode, 20 cm away, without making a collision? Take for ion a= 4-07 x lOr*^ 
and 2000 K. 

Soluttoft 

The survival equation is 

N = NQe-^ 

Here, N=0.9 N^x = 0,2 m 

0.9 = e-^ 

i.in 

jf/A = ln IJIl 

= 0mi05 = 2m 


Electronic mean fiee path 


1 


I 


an 


4,07 X10 

LB 


-19 


Xn 


2 m 


n = 1,23 K 10 molecules/m 


3 


Now, pressure p ” nKT 


,s molecules ^ 25 


J 


m 


3 


molecule K 


X2000K 


3.395 X 10’^ N/m* 


Arts 


Example 22*10 A tube 2 m long and KT* in cross-section contain CO 2 at 


atmospheric pressure and TTie carbon atoms in one-half of the CO^ 

1 

molecules are radioactive isotope C . At time t = 0, alt the molecules at the 
extreme left end of the tube contain radioactive carbon, and the number of such 
molecules per unit votume decreases uniformly to zero at the other end of the 


tube, (a) What is the ini tial concentration gradient of radioactive molecules? (b) 


Initially, how many radioactive molecules per sec cross a cross-section at the 
mid-point of the tube from left to right? (c) How many cross from right to left? 
What is the initial net rate of diffusion of radioactive molecules across the cross- 
section? Take cr = Jtr^ = 4 x m^. 


Solution 

(a) Number of molccu1es/m^ at 1 atm, 273 K 


n = p/KT 



325 X 



1.38X10 


-23 


X273 


2.69 X 10^^ molecule^m 


3 


Concentration gradient, dn/djt == {- 2.69 X IfPY 

"■ - 1.345 X 10^ molecules/tn^ 


Ans 



V 


\n 


[2.55 KT/m] 

2.55X1.38X10^^ X273x6.023x10^* 

46 


-il/2 



V = 355 m/s 
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A 


1 


an 


I- 

25 


2.69x10 X4X10 


"19 


9.3 X m 


Number of molecules crossing irom left to right per unit area per unit time: 


r 


I 

4 

i 

4 

1 

4 




1 

6 


z 


X 



2 



r Bo 


1 _ . dn 


X 355 X 2* 



X 


10^' 


1 


6 


X 355 X 9.3 X to-* X {- 1.345 x 10^^) 


2.39 X 10^^ + 7.4 X 10^' molecules/m^s 


Ans. 


(c) Number of molecules crossing right to left per unit area per unit time; 


r 


1 « I 1 1 dn 

239 X 10^^ - 7.4 X 10^^ molecules/m^s 


Ans. 


Net rate of diffusion: 


7.4 X 10^^ X 2 = 14,8 X 10^ molecules/m^s 



ms 


143X10^^ X46 

6.023X10^* 

113 X 10“^- 113 X lO"* 
1J3 g/mH 


xJ^i-x 



kgmol 


molecules 



2 


5 


Ans 



22.1 Elefloe mean free path, coltision cmss-seetion and collision fiequency. 

223 Show that A = l/o n. What is electronic mean path? Why is it is equal to 4/ 


22.3 

22.4 


22.10 


ow? 

What is collision probability? Show that it is reciprocal of the mean free 

Derive the survival equation: and explain its significance. 



22.5 Show that 37% of the molecules in a gas have free paths longer than A. 

22.6 Explain graphically the distribution of fioe paths of gas molecules. 

22.7 What are transport properties? What do they signify? 

22.8 Show that the number of molecules crossing a plane in a gas per unit area and 

per unit time is equal to —no. 

4 

22.9 Show that the average distance fiom a plane in a gas where the molecules 


2 

made their last collisions before crossing that plane is equal to — A 

3 

Show that the coefficient of viscosity of a gas is equal to —nmvk. 

3 

Maxwellian velocity distribution of gas molecules, show that 



a 
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22.1 Calculate the collision fi:oqueiicy of a nitrogen molecute (a) at 3 DO K and I atm 

pressi^, (b) at 300 K and 1 micioia Hg abs. pressure. The radius of nilmgen 


22.4 


molecule is TS 


xlO*‘“tn. 


Ans. (a) 7.3S x 10^ (wllisions/s (b) 9.63 x 10^ coHisionsys 

22.2 Calculate the collision rate of a molecule in a Maxwellian gas. 

Ans. -JI an [8 KT/»Cin]‘'* 

22.3 The mean free path of a eertaia gas is 12 cm. If there arc 10,000 free paths, how 

many are longer than (a) 5 cm, (b) 15 cm, (cJ 50 era? (d) How many are longer 
than 6 cm, but shorter than 12 cm? (e) How many are between 1L5 cm and 12.5 
cm in length? (f) How many are between 11.9 and 12J cm in lengdi? (g) How 


many have free paths exactly equal to 12 cm? 



at 20®C is 3 X 10'^ m. (a) 


The mean free path of the molecules of a certain 

If the radius of the molecu Ic is 3 x 10”^ ® ra, find the pressure of the gas 


(b) Calculate the 



of collisions made by a molecule per metre of path. 


22.5 The mean free path of the molecules of a certain gas at 29SK. is 2.63 x 1 


the radius of each molecule is 2*56 x 10"^^ m. Compute the number of collisions 
made by a typical particle in moving a distance of 1 m, and also the pressure of 
the gas* 

22.6 Determine the pressure in a cathode ray tube such that 95 per cent of the 

electrons leaving the cathode my reach the anode 2 5 cm away without raaki ng 
a collision* The diameter of an ion is 3.6 x 10~"^ m and the election temperature 
is 2000 K. Use the electronic mean free path = 4/0n* where a is the emss- 

section of 

the ion, 

22.7 A beam of electrons is projected from an electron gun into a gas at a pressure 
p, and the number remaining in the beam at a distance x tbom the gun is 
determined by allowing the beam to strike a collecting plate and measuring the 
current to the plate. The election current emitted by the gun is 100 pa, and the 

= I mm Hg is 37 pa. Determine (a) ihc 


current to 




whcnjc = 10 cm 



electron mean free path, and (b) the current at 500 p Hg pressure. 

Ans. (a) 10 cm, (b) 60*7 pa 

22.8 A singly charged oxygen ion starts a free path in a direction at right angles 

an electric field of intensity 100 volts/cm* The pressure is one atmosphere and 



the temperature 300 K. Calculate (a) the distance moved in the direction of the 
field in a time equal to that required to Ouverse one mean free path, (b) the ratio 
of the mean free path to this distance, (c) the average velocity in the direction 
of the field, (d) (he ratio of the thermal velocity to this velocity, and (e) the 
ratio of the energy of thermal agitation to the energy gained from the field in 


one mean free path. 


-JO 


4 



Arts, (a) 3.87 X 10“' m, (c) 340 m/s, (e) 10 
22*9 A spherical satellite d metre in diameter moves through the earth's atmosphere 

of n tn/s at an altitude where the number density is n molecules/ 
m'’. How many molecules strike the satellite in 1 second? Derive an expression 
for the drag experienced by the satellite, assuming that dl molecules which 
strike the sphere adhere to it. 


with a 

3 



i 


92a 




22.0 


22.10 Positive ions of nitrogeji are ^bjectod to m eleotric field of 10^ voits/m. The 

ions move through nitrogen at 1 atm, 300 R. Calculate the average drifi 
velocity of the ions and compare this velocity with the pms velocity of the gas. 

Also, calculate the distance an ion moves in the direction of the field in a time 


equal to that required to traverse one mean free path. 


22.11 The viscosity of nitrogen at I atm pressure and 0"C is 16.6 x 10"* Ns/m 


2 


Estimate the effective molecular diameter of nitrogen 


2Z12 For a gas 



path at 0®C 




1 atm pressure as 6.4 x 1 (T* m, 

at N,T,R 

Estimate the thermal conductivity of nitrogen at 300 K, 1 atm pressure. The 

diameter of a nitfogen molecule is 1.85 x 10"^^ m. 

460 m/s and 


22.14 Given that the stan dard density of air is p " 1 *29 x 10^^ 

*1-_ aI_I_ t _3.^ ip- _ fKfirjka i A—l __ 





the thermal conductivity is .ATq, = 0.0548 x 10 

viscosity of air and compare your result wifti the measured value of 18.19 x 10 
^ g/cm-s, at p = 1 atm and T = 298 K. 


22.15 (a) Show how the 



of a vapour varies when it diffuses into firee 


air from the surface of an evaporating liquid at distance h below the mouth of 
a test tube to the mouth where the vapour concentration is zero. 


(b) Calculate the coefficient 

air at 40®C when its surface 





surface is 20 mm 



mouth of the test tube. Its vapour pressure is 134 mm Hg. The density of liquid 


is 0.772 g/cm^. 


3 


Arts, (b) 0*139 cmVs 



22.16 A tube of length 50 cm and diameter 5 cm contains methane. Half of 

molecules contain the radioactive carbon isotope, At time f = 0 there 
exists a linear concentration gradient in the tube, the metimne at the extreme 
left consisting of 100% radioactive molecules. Determine the initial rate of 

diffusion of the radioactive isotope across a plane drawn through the centre 

of the tube, when p = 1 atm and T= 300 K. The viscosity of gas is 11 x 10“* 
cm*sec* 

22.17 Determine an expression for the electric field 

average electron drift velocity which is 10% 




will result in an 
thermal velocity. 


What is the value of the electric field strength in air at 1 atm and 










I 






Sp^i/ic VoiuTtie, m /kg Iftietnal kJ/kg Entha^\ kJ/kg Entropy, kJ/kg K 

Temp. Fre.ssutv Sat* Sat. Sat. Saf* Sat. Sat. Sat. Sal. 

®C kPa* SfPa Liquid Vapour Liquid Evap. Vapotir Liquid Evap. Vapour Liquid Evap. Vapour 
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Table Al^ Saturated water: Pressure TabU 
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Source: Adapted from K. Wark, Thermodynamics^ 4ih ed,, McGraw-Hill* New York* 
1983* as based on ‘Tables of Themial Prc^erties of Gases^ NBS Circular 564* 1955. 






Appendices 


Carbon Dioxide (CO 2 ^ Carbon Monoxide (CO) 

(bVit^ = - kJ/kmol = - II0529 U/kmol 



M = 44.01 


M " 28.0! 


Temp^ 



(A “ - 

r 

K 

kJ/km 0 i 

kJ/kmoi K 

kJ/kmol 

kJ/kmol K 

0 

-9364 

0 

-8669 

0 

100 

-6456 

179.109 

-5770 

165.850 

200 

-3414 

199.975 

-2858 

186.025 

298 

0 

213.795 

0 

197.653 

300 

67 

214.025 

54 

197,833 

400 

4008 

225.334 

2975 

206.234 

500 

8314 

234.924 

5929 

212.828 

600 

12916 

243J09 

8941 

218.313 

700 

17765 

250.773 

12021 

223.062 

800 

22815 

257.517 

15175 

227.271 

900 

28041 

263.668 

18397 

231.006 

1000 

33405 

269.325 

216S6 

234 J3t 

1100 

38S94 

274.555 

25033 

237.719 

1200 

44484 

279.417 

28426 

240.673 

1300 

50158 

283.956 

31865 

243.426 

1400 

55907 

288.216 

35338 

245.999 

1500 

61714 

292.224 

38848 

248.421 

1600 

67580 

296.010 

42384 

250.702 

1700 

1 

73492 

299.592 

45940 

252.861 

1800 

79442 

302.993 

49522 

254.907 

1900 

85429 

306.232 

53124 

256.852 

2000 

91450 

309.320 

56739 

258.710 


200 250 300 150 400 450 500 550 600 650 700 750 



ajns«uid 







Fig, B,3 p-h diagram /hr Ttfrigerant R~13da 
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Absolute entropy, I83> 

Absolute temperature scale, UJ 
Absolute Zero, 133, 135, SOS, SM 
Absorbents 592, 593 
Absorption refrigeration cycle, S9J 
Absorptivity, 749 

Action integral, TZ3 
Activity, 652 

Adiabatic compressibility, 4112 
Adiabatic demagnetisation, 429 

Adiabatic cooling, 611 

Adiabatic dissipation of work 
Adiabatic evaporative cooling, 62S 
Adiabatic flame temperature, M3 
Adiabatic process, 51^ IM 
Adiabatic saturation temperature, 610 

Adiabatic wall, 11 

Adiabatic work, LZ9 

Affinity, 61S 

Afterburner, 542 

Air cycle reftigeration, 59fi 

Air craft cabin cooling, 59S 

Air craft propulsion, MS 

Air standard cycles, 524 

Air water vapour mixtures, 611 

Analyzer, 592 

Anergy, 216 

Apparatus dew point, 624 

Approach, 610 
Aqua-ammonia refrigeration 
system, 591 


Atmospheric air, 612 
Available energy, 214, 21S 
Availability, 230 

Non*flow process, 211 
Steady flow process, 230 
Chemical reactions, 212 
Availability function, 226 

Avogaoro’s law, 121 
Avogadro" s ou mber 111 

Back pressure turbine, 4MI 
Barometer, 11 

Beattie-Bridgemano equation, 359, 364 
Benediat-Webb-Ruben equation, 359, 
364 

Bernoulli equation, 91 

Berthe lot equation, 349 
Binary vapour cycles, 4H3 

B iot number, 235 
Black body radiation, 2511 
Bohr-Sommcrfeld rule, 121 

Boiler effi ciency, 491 

Boltzmann constant, 1S3. 332 
Bosc-Einstein statistics, 292 
Bose*Einstein distribution 

function, 291 
Bottoming cycle 485. 4K6 
Boyle temperature, 358 
Brake cfftciency, 491 
Brake power, 44 
Brayton cycle, 513 
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Brayton^Rankine cycle, 551 
Buoyancy force, 741 
Bypass mio, 5511 

Byproduct power, 4fil 

Caloric theory of heat, ^5 
Calorimeter, 2^ 

throttling, 2% 

separating and throttling, 300 
electrical, Ml 

Carathcodory principle, IM 
Carnot cycle, 120, 521 
Carnot efficiency, 126, 135 

Carnot refrigerator, 522 
Carnot's theorem, 119 
Cascade refrigeration cycle, 590 

Causes of irreversibility* 121 
Celsius temperature scale, M 
Characteristic gas constant, HI 
Chemical dehumidification, 62E 

Chemical cquilibrhmi, 5 
Chemical exergy, 667 

Chemical irreversibility, OS 

Chemical potential, 412 
Choking in nozzles, 703 > 265 
Claude liquefaction cycle, 602 
Clausius equation of state, S6S 
Clausius inequality, 152 
Clausius* statement of second 
law* 116 

Clausius* theorem, 151 
Clausius-Ctapeyron euqtion, 409 
Clearance, M2 

volume, MI 
Cl osed system, 2 

Coefficient of diffusion* M5 
Coefficient of performance, 1 IS 
Cogeneration plant, 488 
Collision frequency, S22 
Collision cross section* 822 
Combined convection and 
radiation, 256 

Combustion, 652 
Compressed liquid region, 2EJ 

Compressible fluid, 626 
Compressibility chart, 355, 356 
Compressibility factor, 352 
Compression ignition engine, 52R 


Compression ratio* 
Compressor, M3 
Condenser, 451 



Conditions of equilibrium* 4, 126* 425 
Conditions of stability, 422 
Conduction, 122 
Configuration factor, I5G 
Continuity equation, 84 
Control surface, 1 
Control volume, 2 
Convection, 737 

forced, 739* free, 241 
Cooling and dchumidiflcatioii, 624 
Cool Lng tower, 622 
Continuum, I 

Corresponding states, law of, 351* 357 
Counierflow heat exchanger, 744 

Coupled cycles, 486 

Co’volume* 342 
Criterion of stability, 425 
Critical pressure, 2B2 
Critical pressure ratio, 203 
Critical properties, 353* 202 
Critical state, 282 
Critical volume, 282 
Curie’s taw, 422 

Cut-off ratio, 522 
Cycle, definition* 3 
Cyclic heat engine* 112 


Dalton’s law of partial pressures, 360 
Dead state, 229 
Dearrator, 479 

De Broglie equation, 776 
Debye temperature, 433 
Debye’slaw, SIS* 433 
Degeneracy, 784 
Degradation, 234 

Degradation of energy, 221 

Degree of reaction, 644 

Degree of saturation, 612 
Degree of subcooling, 5M 

Degree of superheat, 584 
Dehumidifieation* 624 
Density, 12 

Dew point temperature, 618 

Diabatic flow* 715 

Diathermic wall * 51 
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Diesel cycle, 522 
Dieterici equation, 349 
Difftjsor, TOO 

Diincnsional analysis, 739. 141 
Dimensional velocity, IQ4 
Directional law, 1^ 

Disoraler, L82 
Displacement work, 39 
Dissipation, 234 
Dissipative effects, 123 

Distribution of paths, E9E 
Dittus-Boclter equation, 239 
Dry air, 512 

Dry bulb temperature, 619 
Dry compression, 5M1 

Dry ice, 6QQ 

Dryness fraction, 22 
£>ual cycle, ilD 
Dufour effect, H29 
Du Jong-Petit law, S85 

Effectiveness, 538. 242 
Effectiveness-NTU method, 246 

Efficiency, 

boiler, 4E1 
brake, 491 
camot, 126^ 135 
compressor, 532 
fin, 233 

generator, 491 

internal, 490 

iscntropic, 464 

isothermal, 346 
mechanical, 491 
overal I, 492 
propulsive, 549 

pump, 464 
second law, 240 
turbine, 464.539 
volumetric, 346. 565 
Einstein temperature, 818 
Electrical calorimeter, 301 
Electrical conductivity, 908 

Electrical resistance thermometer, 30 

Electrical work, 44 
Electron gas, 806 
Etnissivity, 255 
Endothermic reaction, 650 


Energy, 66 

available, 214 
high grade, 2M 
internal, 68 

low grade, 214 

kinetic, 61 
potential, 62 
quality of, 219 
unavailable, 217 
Energy balance, 232 
Energy level, IM 

Energy cascading, 245 
Energy distribution function^ 880 

Energy equation, 402 
Energy interaction, 32 
Energy modes, 62 
Energy reservoirs, 114 
Engine indicator, 32 
Enthalpy, 20 

of air-water vapour mixture, 621 
of combustion, 663 
of formation, 660 
of gas mixtures, 359. 362 
of ideal gas, 351 

of transfer, M2 

Entropy, L55 
change, 335 
absolute, 183 

flow, 822 

generation, 123 
increase, 163 
of gas mixture, 359. 362 
of idea] gas, 335 
principle, 163 
transfer, 121 

Entropy and direction, 182 

Entropy and disorder, 182 

Entropy and infonnalion, 183 
Entropy of transfer, 818 
Entropy generation, 832. 833. 836 
Entropy generation number, 232 

Environment, 2 
Equations of state, 328. 349 
Beathic-Bridgeirtann, 350 

Benedict-Webb-Ruben, 359 
Berthclot, 349 
Dieterici, 349 
ideal gas, 2L 331 
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Redlich*Kwong, 249 

Saha-Bose, 349 
van der Waals, 349 
virjalf 3 SO 

E^ilibnum, 4 
chcmica]^ 4 
criteria for tocaL» 426 

mechanical 4 

metastablet 425 
neutral, 425 
phase, 422 
reactiut»» MI 

stable, 424 
thermal, S 
thermodynamic, 4 

unstable, 425 

Equilibrium constant, ME 
Equipartition of energy, EOl 
Ericsson cycle, 523 
Error ftinction, EI9 
Euler equation, 91 
Evaporative cooling, 628 
Evaporator, 585 

Exact differential, 396 
Exergy, 22Q 

Exergy analysis of vapour power 
cycles, 479 
Exergy balance, 237 

^xothermic reaction, 659 
Expander, 597 

Expansion ratio, 529 

Expansion valve, 3BQ 
Expectation energy, LEI 
Extensive property, 3 
External tneversibility, US 


Fanno line, lES 
Feed water heaters, 472 

closed, 418 

open, 479 

Fcrmi-Dirac statistics, 194 
First law of thermodynamics, 63 
for a closed system, 65 
for a cycle, 64 
for a steady flow system, E2 
for reactive system, 661 

Finns, 733 

Fixed points of thermometry, 12 


Flash intercooler 344, 588 

Floating node, 775 

Flow work, 46 

Foldback isotherm, 416 

Force of cohesion, 349 

Forced convection, 739 

Fourier’s taw, 222 

Fourier number, 735 

Fourth law of thermodynamics, EM 

Fowlcr*Guggcnhein ’ s statement, 4M 

Free convection, 241 

Free energy change, 651 

Free expansion, 49, 241 
Free shaft turtjine, 547 
Fuel cells, 67£l 
Fugacity, 656 

Fusion curve, 410. 41J 

Gas compression, M3 
Gas constant, 311 

characteristic, 111 

universal, 329 

for gas mixmies, 361 

Gas cycle reftigeration, 596 

Gas mixtures, 359 
Gas power cycles, 521 

Gas tables, 7QS 
Gas thermometers, 2S 
Gas turbine plant, 534 
Generalised compressibility chart, 354, 
355.356 
Generator, 591 
Generator efficiency, 491 
Gibbs-Duhem equation, 419 
Gibbs entropy equation, 411 
Gibbs function, 233 

chainge, 653 
of foimacion, 666 
ofmixters, 365 

Gibbs phase rule, 422 

Gibbs theorem, 362 

Gouy-Stodola theorem, 234 

Grashof number, 142 
Grassmann diagram, 236 
Gray body, 753 

Harmonic oscillator, 286 
Heat, SI 









energy transfer as, S2 

latent, 53 

of reaction, 64S 
of solution, 5^ 

of transfer MM 
specific, ^ 

Heat capacity, 53 

at constant pressure. Til 
at constant volume, 6£ 
ratio, T4I 

of reacting gases, §5M 

Heat conduction, lit 

Heat engine, L12 

Heat exchanger, 742,354,355. 15^ 

Heat pump, 175. 95 

Heat rate, 462 

Heat transfer coefficient, 136 
Heating and humidifLcation, 621 
Heating value, 
higher and lower, 

Heisenberg's uncertainty principle, 711 
Hclmohitz function, 232 
Heterogeneous system, 4 
History of thermodynamics, 13 

Homogenenous system, 4 
Hot air engines, 524 
Humidification, 626 
Humidity ratio, 61 £ 

i 

Ice Jmint, 26 

Ideal gas, 331 
enthalpy, 332 
entropy, 335 
internal energy, 332 
mixtures, 35$ 
properties, 330 
specific heats, 332, 315 
temperature scale, 30 
Ideal regenerative cycle, 47Q 
Ideal working fluid, 4&1 
Impulse function, 710 
Indicated power, 44 

Indicator diagram, 42 
Inequality of Clausius, 15$ 

Indexact differentials, 3$6 
Information theory, 

Intensive property, 3 
Intercooling, 3M 


Internal efficiency, 4$0 
Internal energy, 6S 
of gas mixtures, 359 
of combustion, 663 
International temperature scale, 32 
Inversion curve, 406 
In vers ion temperature* 4Q8 
Ionization, 651 
Irradiation, Ill 
Irreversible process, L21 
Irreversible thermodynamics* E26 
Irreversibility* 121 
causes of, 111 
chemical* ^ 02 
external * 111 

internal* 137 

mechanical, 5, 13S 

thermal, 5* OS 
Isenthalpes* 406 
Isentropic efficiericy* 464 
Isentfopic flow, SMI 

Isentropic process, L74 
Isolated system, 2 
Isothermal compressibility, 401 
Isothermal dissipation of work, 16$ 
Isothermal efficiency, 346 
Isothermal process, 339 

Jaynes' fommlism, ISl 

Jet propulsion, 54E 

Joule-Kelvin coefficient, ^6 
Joulc-Kclvin effect, 405 
Joole-Kelvin expansion, 407 

Joule's law, 333 
Keenan function, 226 

Kelvin-Planck statement, I IS 
Kelvin temperature scale, 133 
Kinematic viscosity, 733 
Kinetic theory of gases, 866 
KirchhofTs law, 3^ 

Knudsen gas, 4R4 

Laminar flow, 73S 
Latent heats, 53^ 
fusion, 41Q 
sublimation* 412 

vaporization. 416 
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Latent heat load, 623 

Law of corresponding states, 354 

Law of degra<teljon of energy, 221 

Law of inass action, MS 
Law of probability, lil 

Limited pressure, cycle, 539 
Linde-Hampson cycle, 598 
Liquefaction of gases, 598 
Liquid yield, 5^ 

Lithium bromide-water 
absorption cycle, 593 
Log-mean temperature difference, 
744,746 

Lost worit, 134 
Mach number, 698 

Macroscopic ettergy mode, 63 

Macroscopic view point, \ 

Macrostaic, 2M 

Maximum work, 168,222 
Maxweirs equations 398 
Maxwel]*Bolt 2 mami statistics, 2EE 

Maxwell-Bolizmann distribution 
function, 791 

Maxwell-Boltzmann velocity 
distribution, 839 
Mean effeciive pressure, 43 
Mean free path, 892 
Mean temperature of heat 

addition, 465 
Mechanical cfTiciency, 491 
Mechanical energy reservoir, IM 
Mechanical equilibrium, 4 
Mechanical irreversibility, L3£ 

Mechanical stability, 428 
Meta] lurgical 1 imit, 466 
Metastabie equilibrium, 425 
Microscopic energy mode, 6L 68 
Microscopic viewpoint 1 
Microstate, 388 

Minimum prejudice principle, IM 

Mixed cycle, 539 
Mixture of ga^, 359 

Mixtures of variable composition, 411 

■ 

Molal chemical potential, 413 
Mole, 328 

Mole fraction 360 

Molecular model, 869 


Molecular collisions on stationary 

wall 861 

Mollier diagram, 2S8i 292 
Monalonic ideal gas, 299 
Multistage compression, 344 
Multistage vapoar compression 

cycle* 5M 

Natural, convection, 736, 341 
Nemst-Simon statement of third 

' bw, 431 

Nemst*s equation, 651 
Neutral equilibrium, 425, 

Newton’s law of cooling, 121 
Newton’s law of viscosity, S29> 901 
Normal boiling point, 283 
Normal shocks, 7M 

Nozzle, ^ TOO 

^ converging-diverging, 300 

subsonic, 101 

9 

\ supersonic, 392 

throat, 7Q0 

Number of transfer units, 148 

Nusseit number, 142 
Ohm;s Law, 831 

One dimensional flow, 70(} 

Onsager equations, 828 
Onsager reciprocal relation, 829 
Optimum regeneration, 419 

Otto cycle, 524 

Overall efficiency of plant, 492 
Overall heat transfer coefficient, 232 
Ozone depletion potential 586 

Paddle-wheel work, 45. 125 
Parallel flow heat exchanger, 342 
Partial pressure, 360 
Partial volume^ 361 
Partition ftinciion, 188. 795 

Pascal, 19 

Passout turbine, 488 

Path, 3 

Path function, 49 
Pauli’s exclusion principle, 194 
Peltier effccl 842 
Perfect inter cooling, 344 
Perpetual motion machine 
of the first kind, 11 
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of the second ktnd^ 1 

Perpetual motion of the third kind^ 121 

Phase change of the first order^ 40*9 

Phase equilibrium, 422 

Phase equitibrimn diagrams, 283, 288. 

m 

Phase rule, 422 
Phase space, 7M 
Phenomenological laws, 829 
Photon gas statistics, 804 
Planck's constant, II2 
Planck' % law, 750, 8M 
Point function, 40 
Polytropic process, 119 

Polytropic specific heat, 142 
Postulatory thermodynamics, 190 
Power, i 1 
brake, 44 
indicated, 44 

' Prandtl number, 739, 742 
Pressure, 9 
absolute, LO 

measurement, 11 

partial, 359 

reduced, IM 
stagnation, 698 
Pressure ratio* 343, 536, 540 
Principle of caratheodory, L58 
Principle of increase of entropy, LfiS 
Principle of equipartitlon of 
energy, 802 

Principle of minimum prejudice, £M 
Principle of superposition, 830 
Probability function. III 

Probability, law of 797 
Probability, thermodynamic, 188 
Process, 1 

irreversible, 121 
iscntropic, 174,336 
j ssotherma 1, IM 

quasi'Static, S 
reversible, 120 

Process heat, 482 
Property, 3 

Propulsive efficiency, 549 
Propulsive power, 548 
Psychrometer, 620 
Psychrometrio chart, 622 


Psychrometric proces^s, 623 

Pure substaiKe, 7^ 229 
Quality* 291 

measurement, 295 
Quality of energy, 219 

Quantum hypothesis* 212 
Quantum number, 282 
Quantum state, 224 
Quasi‘Static process, 5 

Radiotion, 226 

Radiation pressure, 404 
Radiosity, 251 
Ramjet engine, 5S1 

Range, 611 
Rankine cycle, 459 

with regeneration, 422 
with reheat, 468 
Rayleigh line, 710 
Reaction equilibrium, 642 
Reactive systems, 644 
Reciprocal relation* 586 
Reciprocity theorem, 251 
Recti ficr, 592 

Rcdlich-Kwong equation of state, 149 
Reduced properties* 352 
Reference points in temperature 

scale, 24j 12 
Reflectivity, 242 
Refrigeration, 528 
Refrigeration cycles* 5 
absorption, 591 

gas cycle, 596 
vapour compression, 580 

Refrigerants, 586 

Rchigcrating e ffect, 581 

Refrigerator, 116 

Regenerative cycle, 422 
Regenerator, 511 

effectiveness, 518 
Reheat cycle, 468 
Reheat regenerative cycle* 476 

Reheating, 541 

Relative humidity, 618 
Resistance concept* 228 
Reversed Brayton cycle, 526 
Reversed Carnot cycle* 128 
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Reversed heat engine cycJe, 522 
Reversibi lity, I2fi 

conditions L25 
Reversible process, L2Q 
Reversible work, 167> 272 
Reynolds number, 738, 742 

Saha's equation, 552 
Saha-Bose equation, 342 
Sackur-Tetrode equation of state, 102 
Saturated air, 512 

Saturated solid, 280 
Saturated stale, 280 
Saturated vapour, 280 
Saturation dome, 282 
Saturation pressure, 283 
Saturation temperature, 284 
Schrodinger wave equation, ISO 
Second law efficiency, 240 
Second law inequality, 15$ 

Second law of Ihcrmodynamics, LL5 
Seeback effect, 832 
Sensible healing or cooling, 623 
Separating and throttling 
calorimeter, 300 
Shaff power, 44 
Shaft work, 45 
Shannon's formula, 185 
Sink, 114 
SI unit system, 8 
Solid ice, 500 

Sonic velocity, 621 
Sorct e ffect, 822 
Source, 114 

~ Spark ignition engine, 525 

Specific heats, 62 
of gases, 332 

at constant pressure, 20 
at constant volume, 62 

poly tropic, 342 

of solids, 816. 884 

Specific humidity 618 
Specific volume, 12 
of mixture, 361 

Stability, conditions of, 425 

Stable equilibrium, 424 

Stagnation pressure, 628 

Stagnation properties, 628 


Stagnation temperature, 628 

States, 3 

changes of, 3 
Statistical formalism, 1B6 
Statistics of electron gas, 8tM 
Statistics of photon gas, 804 
Steady flow process, 82 
Steady flow energy equation, 85 
Steady state, 82 
Steam point, 26 
Steam power plant, 45$ / 

Steam rule, 461 
Steam tables, 223 

Stefen-Boltzmann law, 750> 806 
Stirling cycle, 522 
Stirling’s approximation, 790 
Stirring work, 45 
Stoichiometric air, 652 
Stoichiometric coeftlci ents, 644 
Stored energy, 65^ 62 

Space resistance, 254 

Steamline, 738 

Strength of shock, 114 

Sub cooling, 584 

Sublimation, curve, 412 

Subsonic flow, 201 

Suction line heat exchanger, 585 

Superheat, S84 
Supersonic flow. Till 
Supplementary firing, 513 
Surface resistance, 253 
Surroundings, 2 
System, 2 
closede, 2 
isolated, 2 

open, 2 

TdS equations, 122 

Terminal temperature difference, 428 

Temperature, 24 

absolute, 135, 866 
adiabatic saturation, 620 

Celsius, 3ft 

critical, 282,202 
dew’ point, 618 
dry bulb, 61$ 
ideal gas, 30 

Kelvin, 133 
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measurement, 24, 2S, 30. 31 
reduced, 152 

Thermal conductivity, 904. 727 

Thermal stability, 428 
Thermal equilibrium, 5 

Thennodynamic scale, 13J 
Thermoelectric power, S4J 
Thcrmomectianical effect, B42 
phenomena, 84^ 

Thermometers, 25. 

Thcrmomctric 
property, 24 
Thermomoiecular pressure 

di fference, 848 

Third law of thermodynamics, 135, 428 
Thom son c ffcct, B42 
Thomson coefllcien:, 844 
Thomson relations, 845 
Throttling calorimeter, 298. 300. 301 
Tonne of refrigeration, 583 

Topping cycle, 485. 4M 
T orqoc, 44 
Transmissivity, 249 
Transport pTopcrtics, 90! 

Triple poinl, 2^ 282 

Troulon\s rule, 411 
Turbofan engiEic, 550 
Turboprop engine, 551 
Turbulent flow, 228 

Unavailable energy, 217 
Uncertainty, 183 


Units and dimensions, 8 
Universal gas constant, 329 
Universe, 1^ 

Unsaturaicd air, 612 
Unstable equilibrium, 425 
Useful work, 222 

Vacuum, LH 

Van der Waals equation, 329. 869 
Van"t Hoff equation 649 
Vaporization curve, 285, 412 
Vapour compression cycle, 580 
Vapour power eycle, 452 

Vapour pressure, 283, 411 

Variable Row process, 91 
View factor, 250 

Virial coefficients, 350 

Virial expansion, 350 

Viscosity, 73S 

Volume, critical, 282 
reduced, 352 

specific, 12 
Volume expansivity, 4Dfl 
Volumetric efficiency, 346. 585 

Watt, 13, 

Wave-particle duality, 225 
Wcl bulb temperature, 619 
Wet compression, 580 
Work trans fer, 12 
various forms, ^ 44 

Zeroth law of thermodynamics, 24 

























This text is the only book to present the Macroscopic [Cl^ssicalJ antf 
Microscopic [StatistkalJ Thermodynamics in a single volume. The Hrst 
eleven chapters contribute to the bask theories of Thermodynamics 
beginning with the first chapter on Introduction that provides a historical 
background of the subject. The next seven chapters provide applications of 
these theories,The Microscopic concepts of thermodynamics are furnished 
in the last four chapters. 

!■ II ^ ^ I m i 


0 Both Micrasccipic ari^ Macroscopic approaches presented to facilitate 

clear uricterstanding of ilw thermodyriarnic co.n<eptij properties and processes. 



a Quiline of fnformation Theory as applied to thermodynamics presented 
in the chapter on Entropy. 

o Special treatise on the Third Law of Theimodyna mics. 
o Coverage of topics on energy balance, chemical energy and fuel cells. 

I 

o Enhanced response to power refrigeration cycle analysis and heat transfer concepts 

is included. 


D Infdrroatiori on turbojet arsd turboprop engines under the coverage on Jet 

^ Propulsion, 

0 Up-tfl-date property tables and charts including those of non-CTC refrigerants 

provided as appendices. 

D Pedagogy includes 

I, 1% solved examples 

592 exercise problems with answers 
SiaillustratiOifis 
L/ 664 review questions 
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